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FOREWORD 


This  report  vas  prepared  by  Arthur  D.  Little,  Inc.,  imder  DSAF 
Contract  No.  AP  33f6l6)-6l54.  This  contract  was  Initiated  \inder 
Project  No.  7350>  "Refractory,  Inorganic  and  Non-MetalUc  Materials," 
Task  735001  "Non-Graphltlc."  This  work  was  administered  under  the 
direction  of  the  Directorate  of  Materials  and  Processes,  Deputy  for 
Technology,  Aeronautical  Systems  Division,  with  Mr.  Fred  Vahldlek 
acting  as  project  engineer. 

This  report  covers  the  period  of  work  from  September  1959  to 
July  1962. 

Personnel  participating  In  the  work  Included  J.  Berkowltz-Mattuck, 
J.  T.  Larson,  R.  F.  Quigley,  and  W.  Christiansen. 


ABSTRACT 


SECTION  Ir  OXIDATION  OF  COPPER 

An  appeuratus  Is  described  for  continuous  measurement  of  the  rate  of 
oxidation  of  metallic  materleils  at  tenqperatures  between  9OO*  and  2100*C. 

The  samples;  enclosed  In  an  all-glass  constant  pressure  flow  system,  are 
heated  inductively  and  a  thermal  conductivity  cell  of  the  type  employed  In 
vapor  phase  chromatography  Is  used  to  conpare  the  oxygen  concentration  In 
a  helium  stream  before  and  after  removal  of  a  portion  of  the  csxygen  by 
reaction  with  the  heated  specimens.  Quantitative  results  obtedned  by  this 
technique  for  the  oxidation  of  copper  between  975“  and  1044*C  at  oxygen 
partial,  pressures  of  2-10  mm  are  in  good  agreement  with  previous^  reported 
values,  obtained  by  conventional  methods. 

SECTION  n:  OXIDATION  OF  CARBIDES 

For  the  highest  carbides  of  the  metals  of  Groups  IV-A  (Tl,  Zr,  Hf), 

V-A  (V,  Nb,  Ta),  and  VI-A  (Cr,  Mo,  W)  of  the  periodic  table,  the  results 
of  calc\ilatlons  of  the  pressures  of  carbon  monoxide  emd  carbon  dioxide  over 
an  equilibrium  mixture  of  metal  carbide  and  the  corresponding  metal  oxide 
eu^e  given.  On  the  basis  of  thermodynamics,  a  coherent  oxide  film  on  the 
carbide  surfaces  would  be  ruptured  by  evolution  of  C0(g)  and  COs(g)  from  the 
carbide/ oxide  interface  at  temperatures  above:  1250“C  for  TiOg  (rut.)  on 
TIC,  175C*C  for  ZrOg  on  ZrC,  1750*C  for  HfOg  on  HfC,  1230*C  for  on  VC, 
85r®r.  -p^r  jjbOa  on  NbC,  1050®C  for  TagOg  on  TaC,  1150*C  for  Crrf)3  on  CrsCg, 
and  750“ C  for  WDg  on  WC.  These  are  maximum  temperatures  for  oxidation 
resistance  of  the  carbides.  Experimental  data  obtained  imder  this  contract 
and  in  other  laboratories  Indicates  that  many  of  the  carbides  oxidize 
rapidly  at  even  lower  temperatures  due  to  the  poor  adherence  between  oxide 
and  substrate.  The  most  promising  refractory  carbide  is  HfC. 
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SECTION  III:  OXIDATION  OF  MDUfBEENUM  SILICIDES 

The  oxidation  of  M03SI,  Mo5Sl3>  and  MoSia  between  1300®  and  2100®K  at 
oxygen  pressures  of  2-20  Torr  was  studied  by  oxygen  consumption  and  metallo- 
graphlc  techniques. 

SECTION  IV:  OXIDATION  OF  MISCELLANEOUS  MATERIALS 

The  oxidation  of  V^Sls  and  WBla  was  studied  by  the  thermal  conductivity 
method  at  temperatures  between  16OO*  and  2030®K. 

A  measurement  of  the  rate  of  oxygen  consumption  of  TagBei?  was  made  at 
1664*K  and  an  oxygen  partial  pressure  of  8.4  Torr. 


This  report  has  been  reviewed  and  is  approved. 


V.  G.  Ramke 

Chief,  Ceramics  and  Graphite  Branch 
Meteils  and  Ceramics  Laboratory 
Materials  Central 
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KTHETICS  OF  OXIDATION  OF  BEFIiACITORI  METALS  AND  ALLOXB 
AT  1000*-2000*C 

SECTION  I  -  OXIDATION  OF  COPTER 


1.  INTRODUCTION 

In  the  past  30  years,  extensive  studies  have  been  made  of  the  oxidation 

of  metals  and  sOJ-oys  In  the  300*-1000*C  range,  where  the  Wagner  mechanlam^^^ 

Is  frequently  applicable  after  the  first  few  minutes  of  recustlon.  A  najor 

(2) 

experimental  tool  for  this  work  has  been  the  vacuum  microbalance,'  '  vhlch 
permits  continuous  measurement  of  weight  changes  during  oxidation,  with  a  sen- 
sltlvlty  of  3x10  g.  Supplementary  measurements  of  the  electrlcsd.  properties 
of  oxide  films  and  diffusion  through  the  oxide  layers  have  given  firm  suppoi^ 
to  Wagner's  Ideas.  More  recently,  with  the  developnent  of  electron  microscopy 
suid  electron  probe  analysis,  attention  has  been  directed  toward  the 
earliest  stages  of  oxidation,  where  Mott's^^^  theory  for  the  growth  of  thin 
films  can  be  tested,  but  Interest  has  again  centered  on  pure  metals  at 
temperatures  below  1000®C. 

The  growing  need  for  structural  materials  for  speuse  and  technological 
applications  In  the  1000*  and  3000*C  range  has  Qnqdiaslzed  the  impoartance  of 
fundamental  studies  of  the  oxidation  process  at  higher  tenperatures .  Theoreti- 
cslI  extrapolations  from  oxidation  behavior  at  low  tenqperatures  is,  for  the  most 
psuTt,  not  possible,  due  Isurgely  to  the  enhsmced  volatility  of  alloy  constitu¬ 
ents  and  product  oxides  as  the  tenperature  Is  raised.  Esperlmentally,  many  of 
the  low  tengperature  techniques  are  either  difficult  to  adapt  or  InappUcahle, 
and  new  methods  must  be  developed. 

As  temperature  Increases,  rates  of  chemical  reactions  are  greatly 
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accelerated,  and  the  possible  container  materials  In  which  a  reaction  can  be 
studied  becoBM  more  suid  more  limited.  If  the  sample  Is  a  metallic  conductor. 
Induction  heating  provides  an  excellent  means  for  malntcdning  it  at  a  high 
tenperat\ire,  while  keeping  non-conducting  walls  smd  supports  relatively  cool. 
The  choice  of  Induction  heating,  however,  almost  precludes  the  use  of 
continuous  weighing  techniques  for  following  an  oxidation  reaction,  since  the 
r.f.  field  generates  cm  upward  force  on  the  heated  sample.  In  this  paper,  the 
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use  of  a  the  nasi  conductivity  bridge^  of  the  type  eo^loyed  In  vapor  phase 

chronstograi^^  to  compare  the  oxygen  concentration  In  a  helium  stream  before 

and  6Lfter  reaction  vlth  an  Inductively  heated  sample  pellet  is  described.  The 

method  gives  rates  of  oxidation  directly  and  continuously  with  a  sensitivity 
-4  , 

of  about  10  g,/min-mllllvolt,  ^ere  voltage  differences  of  the  order  of  0.01 
millivolt  are  readily  detectable.  Although  the  general  technique  was  first 
suggested  by  S.  R.  Weaver  of  the  National  Bureau  of  Standards'  '  In  1951^  It 
has  received  little  attention  for  physical  chemical  studies and  has 
apparently  never  been  applied  to  oxidation  kinetics. 

2.  EXEBRIMEIBEAL 

(a)  Apparattis 

A  schematic  diagram  of  the  apparatus  In  operation  In  this  laboratory 
Is  shown  In  Figure  1.  Saiiq)les  tinder  study  are  machined  In  the  form  of  cylin¬ 
ders^  0.8  cm  in  diameter  and  0.3  cm  In  height^  and  are  mounted  by  point 
contact  with  three  alumina  or  thorla  rodS;  3  cm  In  length  (l).  !Ilhe  ceramic 
support  rods  are  In  turn  fastened  with  gold  wire  to  an  aluminum  sample  holder. 

A  screw  at  the  bottom  of  the  sample  holder  permits  positioning  of  the  pellet 
optimally  with  respect  to  the  concentrator  and  r.f.  colls  of  a  Sylvanla  5  kv 
Induction  unit.  !Die  samples  sure  completely  enclosed  In  a  constant  pressure 
flow  system,  constructed  entirely  of  lyrex,  except  for  a  short  length  of  quartz 
tubing  in  the  immediate  nelj^boxiiood  of  the  pellet. 

Hie  flow  system  Is  of  conventional  design.  Helium  from  tank  A  flows 
through  a  purification  train  of  magnesium  perchlorate,  Ascarlte,  drlerlte,  and 
glass  wool,  B,  that  removes  water  vapor,  ceurbon  dioxide,  and  dust.  Flow  rate 
Is  measured  with  a  dlbutylphthalate  capill.ary  flow  meter,  D,  flanked  by  liquid 
nitrogen  traps  C  and  C .  Oxygen  can  be  Introduced  Into  the  helium  stream  at 
peurtlsl.  pressures  between  0  and  20  mm  by  allowing  the  helium  to  flow  through 
heated  CuO^  (E).  The  helium-oxygen  mixture  petsses  through  a  cold  trap,  G,  at 
dzy-lce  acetone  tenqperature  (-80*C),  and  enters  the  reference  side  of  the 
theznal  conductivity  cell  at  H.  The  stream  flows  through  a  second  -80*C  cold 
trap  at  J,  azxd  over  the  hot  refractory  button  L,  'vdiere  a  portion  of  the 
oxygen  Is  removed  by  chemical  reaction.  The  gas  stream,  depleted  In  039’gen, 
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flov0  aeroBB  a  coarae  glasB  frit  1,  that  reoDveB  particulate  matter^  through 
a  dxy-lce  acetone  trap,  0,  and  enter*  the  aa^pUng  aide  of  the  theznal  con¬ 
ductivity  cell,  P.  !Bie  atreaia  la  ultlaately  vented  to  the  ataioaphere  at  Q. 

Bie  two  Bldea  of  the  thexaal  eondnetlvlty  cell,  P  and  H,  form  tvo 
axna  of  a  Uheatatone  bridge  idxQae  output  la  fed  Into  a  recorder.  The 
recorder  algoal  la,  of  courae,  proportional  to  the  difference  in  oj^gen  con¬ 
centration  In  the  tvo  aldea  of  the  cell,  or  to  the  rate  of  oxygtm  eona\atptlon 
by  the  heated  aavple. 

(b)  calibration 

(1)  Optical  PyroM^ter  and  Flov  Meter 

An  optical  flat  la  blovn  onto  the  ayaten  at  R,  and  teaperaturea 
are  laeaauied  by  al^ditlng  an  optical  pyxoaeter  on  an  laage  of  the  aaaqitle  pellet 
In  a  plane  alrror.  The  pyroaafter  la  calibrated  agalnat  a  General  Electric 
atandardlaed  tungaten  f llaaent  laap,  viewed  through  the  aaae  optical  flat  aa 
the  heated  aaqplea.  Obaerved  teiq>eraturea  are  corrected  for  aaaqple  ealaalvltleB, 
on  the  baala  of  literature  data.  If  poaalble.  In  caaea  tdiere  odLaalvltleB  are 
unknovn,  they  can  be  aeaaured  by  conpaxlng  obaerved  teaperatuxea  of  the  aurfcuse 
of  oxidized  and  unaxldlzed  eanple  pelleta  with  thoae  of  a  blachbody  cavity 
drilled  ultraaonlcally  in  the  apeclaen.  It  la  laportant  to  recognize  that  the 
ealBBlvlty  correction  la  large;  It  aaKnarta  to  85*0,  for  exagoq^,  for  an  obaerved 
temperature  of  l600*C  on  a  aaapla  with  an  emlBBlylty  of  0.6. Surface 
tenperaturea  on  the  Inductively  heated  apeclama  are  unlfom  to  -  5*0. 

The  flow  neter  can  be  calibrated  In  altu  over  the  range  0  to 
100  cc/aln  by  water  dlaplaceaent  froai  a  Jiarlotte  flaak. 

(2)  Ihemal  Oonductlvl^  Apparatua 

To  eatehllah  the  relatlonahlp  between  recorder  deflection  and 

oxygen  concentration  dlffexencea  In  the  two  aldea  of  the  therznl  conductivity 

cell,  aeaaured  aluga  of  oxygen  can  be  Introduced  into  the  helium  atream  by 

^9) 

neana  of  a  manoaietrlc  device  blown  onto  the  main  flow  ayatem  at  Z 
(Figure  l).  A  typical  recorder  tracing  for  a  alngle  calibration  point  la 
ahovn  In  Figure  2.  The  flrat  peak  occura  aa  the  oj^gen  alig  paaaea  through 
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the  nfexence  aide  of  the  thexaal  eooductlvlty  cell,  vhile  the  aeapUog  aide 
la  filled  vlth  pure  helium.  Ibe  flrat  peak  decUnea  and  a  reverae  peak  la 
obaerved  vhen  the  reference  aide  la  once  more  filled  vlth  pure  helium,  eud 
the  oxygen  alug  paaaea  through  the  aaa^llng  aide.  Xhe  area  under  either  peak 
la  proportional  to  the  total  velc^t  of  oxygen  that  vaa  Introduced.  From  the 
area  calibration  factor  In  g/mm^  and  the  meaaured  recorder  speed  In  mm/mln, 
peak  hele^ta  can  be  related  to  ratea  of  change  of  oxygen  concentration  In  the 
aaaqpUng  cell  In  g/mln  for  conatant  oj^gen  concentration  in  the  reference 
cell. 

A  calibration  curve  for  a  Burrell  3^0-148 thermal  conduc¬ 
tivity  cell  operated  from  a  6  volt  atorage  battery  with  a  current  of  300  ma 
and  a  helium  flow  rate  of  95  ml/mln  la  given  in  Figure  3.  The  curve  la  seen 
to  be  Unecur,  and  to  paaa  through  the  origin  aa  expected.  Separate  calibrations 
are  required  for  each  flow  rate  and  current  setting.  For  the  conditions 

described  here,  a  signal  of  one  millivolt  (full  scale,  236  mm)  corresponds  to 

-4 

an  oxidation  rate  of  about  1.3  x  10  g/mln.  A  calibration  Is  reproducible  to 
+  3.5?t.  The  sensitivity  Is  approximately  proportional  to  the  square  of  the 
cxirrent,  and  to  the  reciprocal  of  the  flow  rate.  GSow-Mac^^^  hot  wire  and 
thermistor  cells  have  also  been  used  successfully  in  voxk  In  this  laboratoiy. 

The  calibration  given  In  Figure  3  was  checked  by  using  heated 
CuO(s)  In  equilibrium  with  CusOCs)  as  a  source  of  oxygen.  The  free  energy  of 
decoDqxssItlan  of  CuO  to  CueO  and  oxygen  Is  known  to  +  O.3  kcal  in  the  range 

/ip)  " 

298*-1300*K,  '  '  so  that  the  equilibrium  pressure  of  oxygen  at  a  given  tenqmra- 

ture  la  readily  calculated.  Up  to  1300*K,  the  further  decomposition  of  CueO 

to  Cu  Is  coBq)ea:atlvely  Insignificant.  In  order  to  detezmlne  whether  equilibrium 

conditions  prevail  In  the  CuO  tube  the  helium-oxygen  stream  was  passed  from 

(l3) 

the  thermal  conductivity  apparatus  Into  a  Mlnoxo  unit'  '  which  measures  small 

fl4) 

partlca  pressures  of  axygen  electrolytlcally. '  '  Experlmentea  oxygen  pressures 

were  In  agreement  with  cea.culated  preasrires  to  ^  3^. 
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(c)  Rroeedure 


Saaqples  are  weighed,  mectfured  with  a  micrometer  and  placed  on  the 
refractory  fingers.  The  mounted  pellet  Is  positioned  for  maximum  temperature 
uniformity,  so  that  Its  upper  surface  Is  slightly  higher  than  the  top  of  the 
concentrator,  and  so  that  It  rests  eccentrically  In  a  quartz  tube,  close  to 
the  concentrator  sUt.  The  ground  glcuis  Joint  A'  Is  replnced,  and  the  system 
evacuated  with  the  mercury  diffusion  puBq>,  V.  When  the  leak  rate  In  the 
system  Is  less  than  ^p/hour,  a  flow  of  pure  helium  Is  stented.  The  r.f . 
power  supply  Is  turned  on,  and  the  sample  pellet  Is  heated.  In  order  to  degas 
It,  at  a  tenqerature  slightly  higher  than  that  planned  for  the  oxidation  run. 
The  degassing  procedure  Is  monitored  with  the  thermal  conductivity  brld^, 
and  a  negative  peak  generally  appears  shortly  after  degassing  begins,  corres¬ 
ponding  to  pure  helium  In  the  reference  cell  and  released  permanent  gases  In 
the  saa^Ung  cell.  When  degassing  has  stopped,  the  signal  from  the  thermal 
conductivity  apparatus  drops  to  zero,  and  the  power  supply  Is  turned  off  to 
cool  the  pellet. 

The  sa]iq>le  Is  reweleh«d  remeasured  after  the  degassing  procedure, 
and  the  apparatus  Is  once  again  iwmped  out.  The  helium  flow  Is  started  and 
the  stream  Is  diverted  throue^  heated  CuO.  As  the  stream  containing  the 
hellum-o^gen  mixture  goes  throu^  the  reference  side  of  the  thermal  conducti¬ 
vity  cell,  a  peak  Is  seen  with  a  broad  plateau,  whose  hel^t  Is  characteristic 
of  the  pressure  of  oxygen  In  equilibrium  with  CuO  at  the  tenq^erature  of  the 
copper  oxide  tube.  Tlie  peak  hel^d^t  serves  as  a  dally  check  on  calibration. 
When  both  sides  of  the  thermal  conductivity  cell  become  filled  with  the  seune 
helium-oxygen  mixture,  the  signal  from  the  bridge  drops  to  zero,  and  the 
oxidation  run  Is  started.  The  sample  Is  heated  rapidly  by  Induction  to  a 
predetermined  temperature,  and  an  unbalance  Is  observed  In  the  thermal  conduc¬ 
tivity  bridge  Indicative  of  the  rate  of  oxygen  pick-up  by  the  sample.  When 
reaction  has  proceeded  for  a  definite  length  of  time,  the  sample  Is  cooled 
rapidly  at  room  tenqierature,  weighed,  measured,  and  X-rayed.  The  highest  tem¬ 
perature  oxidation  runs  In  this  laboratory  have  been  made  with  HfC  at  2100*C. 
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3.  AHALTSIS  OF  IHE  FLOW  SYSTEM 

In  this  section  It  will  be  demonstrated  8eml-eiiq>lrlcally  that  the 
measured  rate  of  change  of  oxygen  concentration  at  the  detector  should.  In¬ 
deed  be  equal  to  the  rate  of  oxygen  pick-up  by  the  sample  pellet^  to  an 
euscuracy  of  better  than  1^,  after  about  ^  minutes.  In  spite  of  the  spatial 
separation  between  reaction  and  detection  sites. 

If  an  oxygen  slug  spreads  mainly  by  diffusion,  and  Is  essentially 
unaffected  by  the  flow,  then  the  caUbratltw  curves  of  Figure  2  can  be  fitted 
approximately  by  an  equation  of  the  form: 

c  =  c  V  exp(-x^/Dt) 

°  °  -  -  :  ■ -  (l-l) 

y/  4)r  Dt 

and  an  effective  diffusion  coefficient  D  can  be  calculated  from  experiment. 

In  equation  (l),  c^  Is  the  known  total  mass  of  oxyg^  Introduced  Into  the 
system,  Is  the  average  linear  velocity  of  the  gas  stream,  x  =  x'  -  t 
Is  a  moving  distance  coordinate,  where  x  =  0  (x'  =  v^  t)  is  the  point  of 
maximum  oxygen  concentration.  If  the  time  at  vdilch  the  highest  oxygen  con¬ 
centration  passes  through  the  first  cell  is  ti,  and  through  the  second  cell 
Is  ts,  then  the  effective  diffusion  coefficient  can  be  calculated  from: 

D(t2  -  ti)  =  °  (ca^  -  ci^)  (1-2) 

where  ca  and  ci  are  the  meeisured  amplitudes  In  g/sec.  at  tg  and  ti  respec¬ 
tively.  In  the  experiments  reported  here,  the  volume  flow  rate  was  maintained 
at  93  ml/mln.  In  a  system  constructed  primarily  of  8  mn  tubing;  therefore,  the 
average  linear  velocity  v^  is  about  5.2  cm/sec.  Ihe  diffusion  coefficient 
calculated  from  equation  (2),  with  a  number  of  pulses  of  vaxying  concentration 
is  6l  ^  5  cm^/sec. 

This  diffusion  coefficient  may  be  used  to  compute  n',  the  rate  of  arrival 
of  oxygen  gas  at  the  detector  cell,  for  a  given  rate  of  oxygen  eonsusption  A  (t 
by  the  sample  pellet.  If  n^  Is  the  concentration  of  oxygen  In  the  hellus 
stream  prior  to  reaction  with  the  refractory  button,  then  the  signal  picked  up 
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by  the  recorder  1b  proportional  to  (n^  -  n' )  •  unreacted  oxygen  may  be 

loiAed  upon  eui  a  contlnuotui  serlea  of  sharp  pulses  emitted  frcn  the  sample 
region  Into  the  flowing  atream.  A  aharp  pulse  of  amplitude  ni.(ti)  =  11^- 
A(ti)  that  leaves  the  vicinity  of  the  pellet  at  time  ti  will  spread  out  by 
diffusion,  so  that  Its  concentration  at  a  later  time  t  at  a  distance  x 
downstream  from  the  source  will  be  given  byt 


n  -  •  V  ^  (1-3) 

v'TTDTt^tlF 


since  the  pulses  diffuse  Into  one  another,  the  rate  of  arrival  of  oxygen  at 
the  detector  cell  at  any  time  t  Is  the  siim  of  contributions  frcm  all  pulses 
that  left  the  pellet  region  between  time  zero,  irtien  the  experiment  started 
and  time  t,)  l.e. 


>^ti  =  0 


v'  ^id)(t  -  ti) 


(I-^) 


where  i  Is  the  distance  between  pellet  and  detector.  Since  the  Integration 
In  (4)  Is  generally  difficult.  It  Is  convenient  to  substitute  a  square  wave 
for  the  exponential  factori 


g-(i  -  +  ▼otl)*/4D(t  -  ti) 

V'  4jd)(t  -  tiJ 


«  0  for  0  <  (t  -  ti)  <  ^ 

o 


^or  ^  <  (t  -  ti)  < 


i+b 

V 

o 


(1-5) 


•  0  for  (t  -  ti)  >  ^ 

o 

irtiere  6  «  ^(4Di)/v^  .  Substituting  (3)  In  (4),  the  observed  signal  should 
be  eqpal  to: 
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A(ti)dti 


-  n’ 


-  r 

26  - 


(— ) 


(1-6) 


If  A(t  -  ^ - y)  can  be  expressed  by  a  Taylor's  series  expansion  In  y,  then: 


n'  A(t  >  ^)  +  fi 
o  msl 


(2»)  (t  .  i_ 

(an  +  1)1 


) 


(1-7) 


vhere  -  i/v^)  denotes  the  deratlve  of  A  (t  -  i/v^)  vlth  respect 

to  (t  -  i/v  ).  Thus,  If  the  sunnatlon  In  (7)  Is  snail,  the  signal  at  the 
detector  vlU  be  directly  proportioned,  to  the  rate  of  oxidation  of  the  eanple 
pellet,  but  will  be  retarded  by  the  tine  i/v^  that  It  takes  a  slug  of  gas  to 
travel  from  pellet  to  detector. 


If  the  sample  oxidizes  eu:cordlng  to  a  sliqple  rate  lav,  (7)  can  be  used 
to  estimate  the  magaltude  of  the  experlmentiCL  error  In  the  detector  signal. 
For  example.  If  A(t)  -  constant,  (linear  oxidation),  all  of  the  derivatives 
In  (7)  vanish  and  the  correct  oxidation  rate  should  be  observed.  If  the 
sample  oxidises  parabolically,  A(t)  «  k^t^,  vhere  k^  Is  the  parabolic  rate 
constant,  then  (7)  becomes: 


+ 


^  (l«i-l)(l«i-3)...(l)k^ 

2®“  (2«+l)!(t  - 


(1-8) 


Ihe  error  will  be  less  than  1^  of  the  signed,  at  times  (t  -  ——)  that  satisfy 
the  relation: 


00 


(lim-l)(l»m-5). . .  (l)k 


2^  (2m-t-l)'.(t  -  ^)(^+lV2 


2m 

-)  < 


0.01  k 


(1-9) 
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or 


■a.  2®“  (2m+l)l(t  -  ""o 


<  0.01 


Since  the  coefficients  in  (lO)  axe  all  less  than  or  equed  to  l/8: 


(I-IO) 


I  (2n+l)’.  (t  -  — )  o  m=l  o  o 

(i-n) 


Ihe  Inequality  In  (u)  will  be  valid  at  tines  (t  -  —)  for  irtilchi 
1/8  (|-)®/(t  - 


1/ 


■f  - 7-r - 8- 

.  1  -  (f  f/(t  -  f  f 

_J  _  O  O  _ 


01 


(1-12) 


Thus,  the  signal  should  give  oxidation  rate  with  an  accuracy  of  better  than  1^ 
irtien  (t  -  j^Aq)  ^  ^(s/v^).  For  the  experljnental  appaiatus  described  in  this 
paper  4(&/v^)  is  less  than  3  minutes.  Similar  results  are  obtedned  if  the 
rate  equation  is  logarithmic.  Thus,  if  the  data  of  the  first  3  minutes  eure 
dlszegarded,  the  obseirved  oxidation  rates  are  equal  to  the  true  rates,  and 
essentially  unsiffected  by  the  physical  separation  between  reaction  zone  and 
detector. 


U.  OXIDftTIOH  OF  COEFKR 

Die  lack  of  precise  oxidation  measurements  on  sluqply  behaved,  well- 
characterized  systems  above  1000*C  makes  a  detailed  quantitative  ccmparlson 
of  our  results  with  those  of  other  woxkers  difficult.  Copper  was  selected 
as  the  most  satisfactory  standard  material. 

The  oxidation  of  copper  between  900*  and  1000*  C  at  oxygen  psurtial  pres¬ 
sures  of  3~93  ns  Hg  was  studied  by  Baur,  Bridges,  and  Fassell,  idio  used 
a  spring  system  to  follow  the  reactitm.  Their  deteznlnatlon  agreed 
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satlBfeuitorlly  with  prevloui  studies. In  our  experiments,  rates  of 
OJ^gen  pick-up  are  measured  directly,  and  hence  the  Integral  under  the 
thermal  conductivity  curve  from  time  zero  up  to  time  t  Is  proportional  to 
the  total  oxygen  consiimed  up  to  that  point.  Hie  results  of  thezmal  conduc¬ 
tivity  measurements  of  the  kinetics  of  oxidation  of  pure  copper  between 
977*C  and  10^4*C  at  oxygen  partial  pressures  between  1.7  and  10  mm,  are 
plotted  In  Figure  4  as  toted  oxygen  consumption  vs  time.  Included  In  the 
same  figure  are  weight  change  data  of  Baur,  Bridges,  and  Fassel  (HBF), 
GrOnewedd  euid  Wagner  (GW),  and  Feltknecht  (f),  who  worked  In  the  same  tem¬ 
perature  and  pressure  range.  For  the  oxidation  of  copper,  rate  of  change  In 
weight  Is  precisely  equivalent  to  rate  of  oxygen  consuaqptlon,  since  neither 
CuO  nor  CueO  Is  volatile  at  the  temperatures  of  Interest.  Our  results  at 
lOMf'C  and  an  oxygen  partial  pressure  of  10  mm  are  In  good  agreement  with 
those  of  (f)  at  1020**C  and  7*6  nan.  Our  results  at  990*0  and  10  mm  are  very 
close  to  the  (BBF)  results  at  1000*0  and  10  mm.  Our  results  at  977*0  and 
3.0  mm  are  similar  to  the  findings  of  (GW)  at  a  higher  tenperatxire  1000*0 
and  lower  pressure,  0.23  mm,  and  both  He  above  our  results  at  990*0  and 
1.7  BD.  If  errors  in  weighing.  In  the  determination  of  the  zero  of  time,  and 
In  the  measurement  of  temperatxire  and  pressure  are  taken  into  account,  as 
well  as  the  average  precision  of  residts  from  a  given  laboratory  of  -  10)(, 
agreement  In  the  experimented  data  from  the  four  gro\q>s  can  be  considered 
very  good.  The  data  suggest  that  the  rate  of  oxidation  of  copper  Increases 
with  both  Increaislng  tenperature  and  increasing  pressure. 

According  to  Jost,  "If  copper  Is  oxidized  at  oj^gen  pressures  below  the 
equlllbrlifflt  pressure  for  the  formation  of  CuO  a  uniform  film  of  CucO  Is 
formed.  Its  rate  of  growth  obeying  the  quadratic  law  except  for  the  very 
early  stagA  of  reaction."  The  equilibrium  oxyg/ea  pressure  for  dissociation 
of  CuO  Is  10.86  nm  at  900*C,  31^.2  an  at  930*C,  and  92  am  at  1000*C.  Biere- 
fore,  all  of  the  erqTerlsmnts  listed  In  Figure  4  were  performed  under 
conditions  where  CusO  should  be  the  sole  oxidation  product.  If  the  rate  of 
growth  of  CueO  obeys  the  quadratic  lanr,^^^  then; 
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FIGURE  1-4  TOTAL  OXYGEN  CONSUMPTION  versus  TIME 
FOR  Cu 


where  Is  neeisured  weight  change,  A  Is  specimen  surface  eurea,  t  Is  time, 
and  kp  Is  a  ten^rature  dependent  proportionality  constant  (parabolic  rate 
constant).  In  general,  equation  (l3)  should  hold  If  the  rate  determining 
step  In  the  oxidation  of  copper  Is  diffusion  of  copper  or  oxygen  through  a 
CxiaO(s)  layer,  and  If  Pick's  first  law  describes  the  diffusion  process. 

It  Is  clear  that  at  time  zero,  i^en  the  metal  Is  devoid  of  an  oxide  layer, 
solid-phase  diffusion  cannot  be  the  rate  controlling  step.  Therefore,  equa¬ 
tion  (13)  Is  not  expected  to  apply  In  the  earliest  stages  of  oxidation. 

However,  It  might  be  applicable  after  a  time  t^  when  the  oxide  layer  has 
built  up  to  a  thickness  corresponding  to  a  weight  gain  per  imlt  ares 
(^)o-  Integrating  (l5)  between  limits  ('*'>  finds; 

-  Cr’o  -  ‘pS] 

It  must  be  remembered  that  equation  (l4)  holds  only  for  times  t  >  t  :  the 

fitting  of  data  from  time  zero  to  an  equation  of  the  fom  (^)  =  k  t  +  B, 

(l8)  ^  ^ 

where  B  Is  an  empirically  determined  constant, '  '  Is  not  Justified  on  the 

basis  of  the  quadratic  rate  equation.  However,  If  the  quadratic  rate  law  Is 
obeyed  once  a  suitable  thickness  of  oxide  has  been  built  up  on  the  surface 
of  the  metal,  then  a  plot  of  (j^)  vs  t  should  be  a  straight  line  provided 
and  t  >  t  ,  but  nothing  can  be  said  about  the  form  of  the 
vs  t  plot  up  to  time  t^.  The  data  In  Figure  4  are  replotted  aa(^)  vs  t 
In  Figure  and  It  seems  that  they  fit  well  to  straight  lines  after  times 
that  vary  between  10  and  60  minutes,  depending  upon  the  temperature  and  pres¬ 
sure.  Table  1  lists  approximate  values  of  t^,  5^/  sod  k^  computed  by 

least  squaring  the  data  In  Figure  3  for  the  last  1^  minutes  of  each  run,  and 
adding  points  up  to  the  time  that  the  computed  slope  differs  from  the  final 
slope  by  1%.  The  lut  point  eulded  was  taken  as  taken 

euB  the  average  of  the  conqputed  slopes  back  to  that  point.  It  is  seen  that  a 
layer  of  Cue0(8),  50,000-100,000  %  thick,  must  be  built  up  during  the  oxidation 
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of  copper  before  the  true  parabolic  rate  law  (l3)  Is  followed. 

Wagner^^^^  derived  the  rate  equation  (ij)  and  expressed  the  parabolic 
rate  constant  In  terms  of  the  specific  conductivity  of  the  oxide  film, 
the  transport  nimber  of  cations,  anions,  and  electrons,  and  the  free  energy 
of  the  net  oxidation  reaction.  However,  In  comparing  for  the  oxidation  of 
copper,  as  measured  In  a  direct  oxidation  experiment,  with  k^  computed  from 
the  above  Independently  measured  quantities,  Wagner  did  not  use  the  Integrated 
equation  (l^),  or  the  rate  constants  listed  In  ITable  1.  Instead,  Wagner  and 
GrCbievald  fitted  their  data  to  an  equation  of  the  form: 


E  (f>^  +  5(f >  -  * 

P 

corresponding  to  a  differential  equation: 


if) 

dt 


i  +  E 

K  kp^A  ^ 


(1-16) 


/ 1 Q  IQ  ^ 

which  has  never  been  put  on  a  firm  theoretical  foundation.'  ’  The 
rationale  behind  (l6)  Is  that  diffusion  Is  not  the  sole  rate  controlling  pro¬ 
cess,  but  that  a  phase  boundary  reaction  at  the  Cu/CusO  interface  also 
Influences  the  over-eOLl  reaction  rate.  GrOnewald  and  Wagner^^^^  plotted 
t/(^)  vs  which.  If  equation  (15)  is  valid,  should  yield  a  stral^t  line. 
The  curves  are  not  stral^t  lines  for  the  data  obtained  at  1000*C  and  pressures 
of  0.23  and  1.71  nmi,  but  become  linear  after  a  weight  of  oxide  of 

O 

2.3-3  mg/cm  has  been  built  up.  Approximately  linear  b^avlor  Is  observed, 
however,  for  the  1000*C  data  at  11  mm  and  63  mm.  It  Is  the  reciprocals  of  the 
slopes  of  the  linear  portions  of  the  'vn  (^)  curves  that  (GW)  associate 

with  the  theoretically  derived  k^.  The  available  experimental  data  has  been 
plotted  In  this  fom,  and  results  are  listed  In  column  4  of  Table  2.  In 
column  3^  parabolic  rate  constants  derived  from  equation  (l4)  are  listed. 

In  Figure  6,  it  is  seen  that  plots  of  (^)  vs  t  are  also  linear  to  a  good 
approximation,  after  an  Inltiea  period,  and  In  Table  2,  column  6,  the  squares 
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lABUB  2 


VALUES  OF  THE  PARABOLIC  RATE  COBSTAET,  kp(mg®/cm*-hr) 


o 


& 


D 


4> 


(F) 

1020 

7.6 

- 

This  work 

1044 

10 

158.9 

(GW) 

1000 

11 

178.0 

(GW) 

1000 

1.71 

122.8 

This  voxk 

990 

10 

125.0 

(BBF) 

1000 

10 

li<2.8 

(BBF) 

950 

10 

81.5 

This  voxic 

977 

1.5 

104.9 

This  voxk 

990 

0.87 

151.8 

(GW) 

1000 

0.25 

79.1 

169.7  -  17.0 

196.8 

132.4 

156.0  *  15.6 

161.6 

144.8 

159.^  -  15.9 

179.4 

154.0 

114.8  i  11.5 

127.8 

93.6 

110.4  i  11.0 

122.4 

127.0 

106.7  i  10.7 

127.8 

150.8 

76.2  -  7.6 

85.4 

102.5 

66.0  i  6.6 

99.6 

84.5 

64.0  i  6.4 

92.4 

80.0 

55.6  i  5.4 

72.6 

62.9 

19 


16 


BAUR,  BRIDGES  8  FASSELL 
O  1000  X  10  mm 

A  950*C  10  mm 


''1/2  1/2 
(TME),  (MIN) 


FIGURE  1-6  PLOT  OF  (^)  versus  fT  FOR  OXIDATION  OF  Cu 
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of  the  slopes  of  these  lines  are  listed.  In  column  "J,  pcunboUe  rate  coa- 

f2l) 

stants  C6^culated  from  the  theoretical  equation: '  * 

kp  -  2fl(P)  t^  (O2/X)  -  p^/®  (Oa/O)]  (I-I7) 


In  (17)^  1b  the  volume  of  CuaO  per  copper  ion,  Is  the  electrical 
conductivity  of  CuaO  at  an  oxygen  pressure  of  one  aimo8|diere,  t^  Is  the 
transport  number  of  cations  in  CuaO  at  the  experimental  temperature,  p(O^X) 
Is  the  ambient  oxygen  pressiire,  p(0a/0)  Is  the  oxygen  pressure  calculated 
from  the  equilibrium  2Cu  +  I/2O2  CuaO  at  the  absolute  tenqierature  T,  k 
la  the  gas  constant,  and  e  is  the  charge  on  the  electron.  If  m-k-s  units  are 


used  for  all  quantities,  and  p  is  in  atmospheres,  then  k^  is  given  in  m^/sec 

of  CuaO.  CeJ.cvilated  values  of  k  converted  to  mg^cm^-sec  of  oxygen  are 

P 


listed  In  colimin  7  of  Table  2.  Hie  conductivity  values  were  taken  fron 

f22) 

oUnvald  and  Wagner, '  ' ;  other  values  In  the  literature  are  as  much  as  a 

^25^ 

factor  of  two  higher. '  '  However,  the  spread  among  single  crystal  samples 


found  by  O'Keefe  and  Moore  is  also  of  the  order  of  a  factor  of  two.  iQnwald 
and  Wagner^^^^  measured  the  transference  number  of  Cu^  in  CuaO  at  1000*C  and 


obtained  values  between  4  and  5  x  10”'*.  The  lower  value  was  used  for  the 


calculation  reported  here.  Thus,  the  theoretical  values  in  colimm  7  can  be 
considered  minimum  values;  true  values  ml^t  be  as  much  as  100)(  hle^r.  If 
errors  In  the  experimental  oxidation  rates  are  taken  Into  account,  as  well  as 
errors  In  the  conductivity  data  needed  to  conqnrte  rates  from  eqtiation  (17), 
agreement  between  calculated  and  experimental  rates  Is  fair.  It  must  be 


emphasized  that  the  parabolic  rate  law  Is  described  by  the  differential 
equation  (l3),  and  only  by  that  equation,  or  by  equations  derived  directly 
from  It.  In  the  derivation  of  equation  (17)^  It  Is  eussumed  that  phase  boundary 
reactions  have  proceeded  to  equilibrium,  and  it  is  shown  that  equation  (l3) 
is  followed.  Therefore,  It  is  colxams  5  and  7  of  Table  2  that  must  be 
compared  to  test  the  validity  of  the  theoretical  model.  In  spite  of  the  feu:t 
that  the  agreement  might  be  sli^tly  better  if  experimental  results  were 
taken  from  colxann  4  or  6. 
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Eq.uatloa  (17 )  pndletB  that  at  conltant  temperature,  should  be  a 
linear  function  of  p^^^(Oa/X),  with  k^  •  0  when  p^^^COg/x)  »  P^^^COg/O). 

!Ihe  original  (GW)  k^  data,  listed  In  column  4  showed  a  perfect  linear 
dependence  on  p^^(O^X)  with  Intercept  at  p^^'^COs/O).  This  was  considered, 
at  the  time,  adequate  agreement  with  the  theoretical  prediction.  However, 
(BBF)  failed  to  confirm  the  l/7  power  dependence,  as  seen  In  Figure  7;  where 
both  sets  of  data  are  plotted.  In  point  of  fact,  probable  experimental 
errors  of  -  10](  effectively  mask  differences  In  pressure  dependence  between 
p^‘^^(O^X)  and  p^^^COa/X)  at  the  present  time. 

5.  cxiHcmsioas 

The  thenned  conductivity  detector  provides  a  convenient  method  for 
monitoring  oxidation  reactions  In  a  constant  pressure  flow  system.  It  Is 
particularly  well  suited  for  continuous  measurement  of  rates  of  o^^gen  con- 
Btaqrtlon  by  Inductively  heated  saaples,  since  the  reactlcm  zone  can  be 
maintained  at  temperatures  between  1000*  and  2100*0,  while  the  remainder  of 
the  apparatus  Is  kept  at  low  temperatures. 

In  cases  where  both  volatile  and  non-volatlle  products  fonn  during 
oxidation,  a  single  measurement  of  wel^t  change  or  oxygen  consumption  does 
not  suffice  to  define  the  reaction  completely.  For  such  systems,  microbalance 
and  thermal  conductivity  techniqws  should  provide  supplementeury  data. 
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Kouecics  OF  QXZDAHON  of  BEFIMCIOBY  METAIS  AHD  AIJjOYS 
AT  1000*-2000*C 

SECHOR  n  -  OaODAXION  of  carbisbs 


1.  IHTBOIXJOTIOH 

SBie  high  melting  points  of  the  carbides  of  groups  IV-A,  V-A,  and  VI -A 
of  the  periodic  table  make  these  materials  potentially  attractive  for  high 
temperature  struetxiral  applications.  Die  practical  usefulness  of  the 
eeurbldes,  however,  depends  to  a  large  extent  upon  their  stability  In  oxygen- 
containing  atmospheres.  A  valuable  theznodynamic  basis  for  selection  of 
(»u:t>lde8  with  the  greatest  promise  for  good  oxidation  resistance  was  published 
by  Vehh,  Horton,  and  Wagner  In  19^  •  In  the  present  report,  the  Webb,  Horton, 
Vagner  criteria  are  applied  to  a  prediction  of  the  behavior  of  the  caibldes 
of  groups  IV-A  (nC,  ZrC,  and  HfC),  V-A  (VC,  HbC,  and  TaC),  and  VI-A  (CrsCa, 
MoC,  and  VC)  In  oxygen  atmospheres  at  temperatures  between  1000*  and  2000*K. 
!Ihe  available  experimental  evidence  Is  presented,  and  discussed  in  the  Uc^t 
of  the  theoretical  considerations. 

2.  THE  THBOIg  OF  WBBB,  HOFTOH,  and  WA0HE3R  (WHW)^^^ 

In  general,  a  metal  carbide  will  show  good  oxidation  resistance  only  If 

a  dense  adherent  oxide  film  forms  on  the  carbide  surface  and  acts  to  restrict 

oxygen  access  to  the  alloy.  Since  the  oxides  of  carbon  are  permanent  gases, 

it  Is  clear  that  protection  can  only  be  afforded  by  the  formation  of  an  oxide 

of  the  metallic  element.  Webb,  Horton,  and  Hiagner,  therefore,  consider  the 

system  of  a  metal  carbide  MeC  in  contact  with  metal  oxide  NeO  ,  In  the  pre- 

X  y 

S«ice  of  oxygent 

HeC^  I  MeOy  |  Oe 

If  the  metalUe  oxide  reacts  with  the^carblde  to  form  CX)(g)  or  (X)s(g}  at  the 
MeC^MeOy  phase  boxmdary,  and  If  the  resultant  gas  pressure  is  sufficiently 
hl{^,  thm  the  oxide  may  be  ruptured  and  thereby  lose  Its  effectiveness  as  a 
barrier  to  further  oxidation  of  the  alloy.  At  hi£^  temperatures,  equilibrium 
mle^t  be  expected  to  be  attained  rapidly  at  the  alloy/oxide  Interface,  and  In 
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this  case^  the  C!0(g)  and  COs(g)  pressureB^  and  can  be  computed  frctn 

the  standard  free  energies  ^*(2)  reactions: 


C  (alloy)  +  ^  MB0y.(s)  =  C0(g)  +  ^  Mb  (alloy) 

(n-i) 

C  (alloy)  +  1  MeOy(s)  -  OOsCg)  +  |  Me  (alloy) 

(II-2) 

Thus, 

l/y 

P/vj 

^‘(1)  =  ^  ^ 

(11-5) 

2/y 

^'(2)  ■  ^ 

idiere  a^  and  a^  are  metal  and  carbon  activities  respectively  at  the  alloy/ 
oxide  Interface. 

The  position  of  equilibrium  vill  obviously  depend  upon  the  relative 
stabilities  of  the  solid  metallic  oxide  and  the  gaseous  carbon  oxides.  If 
00(g)  and  COe(g)  axe  very  much  more  stable  than  MeO^Cs),  so  that  the  swi  of 
the  egulUbrlxim  pressures,  (p^  -f  Pqq^)/  higher  than  the  aad>lent  pressrixe, 
then  the  outbvirst  of  C0(g}  and  OOe(g)  Is  very  Uhely  to  ruptxize  the  oodde 
film.  If  this  happens,  oxidation  of  the  carbide  Is  likely  to  proceed  more 
rapidly  than  oxidation  of  the  corresponding  pure  metcJ.. 

If  the  metallic  oxide  is  very  much  more  stable  than  the  carbon  oxides, 
then  reactions  (l)  and  (2)  vlU  not  proceed  to  the  right  to  any  large  extent. 
In  this  case,  the  ccubide  may  be  oxidised  more  or  less  rapidly  than  the 
corresponding  meted  depending  upon  the  specific  oxidation  mechanism.  If  the 
metedllc  element  In  the  edloy  is  oxidized  preferentially,  then  the  activity 
of  carbon  at  the  alloy/oxide  Interfere  may  becosm  higher  than  the  activity  of 
ceobon  In  the  bulk  alloy.  The  resultant  eustlvlty  gradient  may  provide  the 
driving  force  for  diffusion  of  carbon  backward  into  the  bulk  alloy,  possibly 
with  the  formation  of  new  caiblde  phases.  The  net  oxidation  rate  should  not 
be  very  different  In  this  case  from  the  oxidation  rate  of  the  pure  meted, 
except  for  a  small  effect  due  to  lowered  metal  aetlvl'ty,  provided,  of  course, 
that  the  cohesion  between  oxide  and  substrate  Is  eqitally  good  for  metal  and 
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cax^lde.  If  xmxeeurted  caAxm  remains  at  the  oxlde/edloy  interface,  then  Its 
activity  may  Increase  sufficiently  with  time  to  shift  the  equilibria  In  (l) 
and  (2)  towards  the  right.  In  fact,  rupture  of  the  oxide  film  might  even 
occur  after  a  time.  Ihe  evolution  of  00(g)  and  002(g)  mle^t  stop,  however, 
as  the  carbon  activity  was  lowered  once  agidc.  If  caibon  Is  soluble  In  the 
oxide  lattice,  then  ceut>on  at  the  oxide/alloy  Interface  might  migrate  across 
the  oxide  layer,  and  evolution  of  00(g)  or  002(g)  could  occur  at  the  oxide/ 
oxygen  Interface  without  destruction  of  the  protective  oxide  film  adjeusent 
to  the  alloy.  IDie  effect  of  ccurbon  on  the  defect  concentration  In  the  oxide 
would  detemlne  idiether  the  observed  oxidation  rate  would  be  greater  or  less 
than  that  for  the  pure  metal. 

3.  AFFLICmOH  OF  3BE  WHV  ZIBA3MERP  10  XHE  HIGH  !IBMISRA!rURB  OXIDATION 
OF  CARBUffiS  OF  GHOOPS  lY-A.  V-A,  and  VI-A _ 

Equations  (l)  and  (2)  are  difficult  to  apply  precisely  due  to  the  lack 
of  experimental  data  for  the  activltieB  of  metcO.  and  carbon  across  the  hoeio- 
genelty  range  of  the  carbide  phases.  It  Is  therefore  assumed  In  the  calcula¬ 
tions  that  the  carbide  eaaqpositloa  Is  that  of  the  alloy  In  equilibrium  with 
pure  graphite.  !nhe  carbon  activity  In  the  original  alloy  may  therefore  be 
taken  as  \inity.  llie  pressures  of  CX)(g)  and  COs(s)  cedculated  from  eqtaatlons 
(3)  and  (4)  on  this  assumption  are  therefore  maximum  permanent  gas  pressures. 
If  the  actiial  ceuibon  activity  in  the  alloy  Is  less  than  one,  then  It  becomes 
more  probable  that  the  carbide  will  show  a  degree  of  oxidation  resistance. 

where  p^^  Is  the  vapor 
pressure  of  metsCL  over  the  MeC-C  two  phase  region,  l.e.  the  equilibrium  metal 
pressure  calculated  from  the  equation! 

.  IfeC(e)  -*Me(g)  +  C(s)  (n-5) 

and  P*||g  la  the  vapor  pressure  of  metcO.  over  pure  metal  at  the  same 
teiqwraturet 

lle(s)  -»Me(g)  (II-6) 

The  standard  free  energies  of  reactions  (3)  and  (6)  are  therefore  given 
respectively  by: 


The  metal  activity  Is  given  by  the  ratio 
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-  -HP  la  (II-7) 

-  -HP  la  p*.^  (II-8) 

Ihenforet 

^(5)  -  ‘^{6)  -  -^'f,ll.c  -  -®  1“  V  (n-9) 

where  Is  the  Integral  free  energy^  of  fonation  of  the  metal  caxt>lde. 

(a)  Titanium  Carbide.  TIC 

The  free  energy  of  formatlcm  of  TIC,  cui  given  hy  Eubasohewflkl  and 

Evans, ^  and  the  activity  of  titanium  over  the  TIC-C  tvo  phase  region 

calculated  from  equation  (9),  Is  tabulated  as  a  function  of  temperature  In 

columns  2  and  3  of  TSble  1.  Colimms  4,  and  6  give  free  energies  of 

formation  of  00(g),^^^  OOa(g)^^^  and  TiOaCs),^^^  idiUe  columns  7  and  8  give 

the  equlUbrltmi  pressures  of  CO(g)  and  (X>a(g)  calculated  from  eq.uatlon8  (3) 

and  (4)  with  MeO  (s)  =  TlOa  (rut.)>  =*  !•  It  Is  clear  that  If  a  dense 

y  w 

coherent  rutile  film  forms  on  the  surface  of  ZIC^  It  vlU  not  be  ruptxixed  by 
evolution  of  CO(g)  and  COs(g)  up  to  abotrt  15CX)*K. 

^lantltatlve  experimental  data  is  available  onlor  up  to  1000*C 
(1273*K).  Bbwever,  there  Is  goieral  agreement ^  that  the  oxidation  of 
TIC  Is  parabolic,  to  a  good  approximation,  above  700*C,  and  that  the  rate  Is 
controlled  by  diffusion  of  oxygen  across  a  layer  of  TiOs  of  the  rutile  struc¬ 
ture.  It  Is  extremely  interesting  that  althou^  the  foimatlon  of  00(g)  or 
(X)s(g)  at  the  oxlde/metal  interface  Is  thermodynamically  unfavorable,  carton 
,1s  consumed  at  the  sane  rate  as  titanium.  It  was  suggested  by  Webb, 
Nortcm,  emd  Wagner  that  carton  from  the  alloy  dissolves  in  the  oadde  at 

4 

the  TlC/TlOs  Interface,  diffuses  throucd^  the  ZlOs/  and  Is  oxidized  at  the 
TlO^Os  Interface.  Since  TlOs(s)  is  an  oo^-gen  deficient  senl-ccnductor, 
and  TIC  and  TIO  are  known  to  be  mutxially  soluble.  It  was  not  unreasonable  to 
postulate  some  ceurbon  solubility  In  the  XiOs  lattice,  ^y  chsmlcal  analysis 
of  the  oxide  film  formed  on  TIC  at  1000*C  In  pure  oxygen  at  7^  Torr, 
Rlkolalskl^^^  showed  the  presence  of  about  O.lSft  C  in  the  ZlOe  layer. 
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TABLE  1 


ACTCVITr  OF  T1  OVER  TIC-C  AHD  THERNODmANIC  DATA  FOR  TlC-TlOs 


"n 

^  ^ 

f.OO  f.OOp  ^f.TlOa 

®00 

^OOa 

1000  -41,440 

8.955x10"^° 

-47,859  -94,628  -382,960 

9.995x10"^ 

1.545x10"^ 

1100  -41,324 

6.567x10"^ 

-49,962  -94,658  -177,675 

2.568x10"^ 

5.064x10"^ 

3200  -40,808 

5.75fibcl0"® 

-52,049  -94,681  -175,458 

2.529x10"^ 

1.254x10"'^ 

1500  -40,49B 

1.582x10"^ 

-54,126  -94,701  -169,220 

5.320x10"^ 

1.928x10"^ 

1400  -40,176 

5.425x10"'^ 

-56,389  -94,716  -165,022 

1.069x10"^ 

2.000x10"^ 

1500  -59>86o 

1,577x10"° 

-58,241  -94,728  -160,915 

4.646x10"^ 

1.471x10"^ 

1600  -59,544 

4.015x10"^ 

-60,284  -94,759  -156,610 

1.755 

8.981x10"^ 

1700  -59,228 

9.177x10"° 

-62,515  -94,71^  -152,lt22 

5.424 

4.275x10"^ 

1800  -58,912 

1.905x10"^ 

-64,555  -94,750  -Iii8,i92 

14.99 

1.728x10"^ 

1900  -58,596 

5.670x10"5 

-66,549  -94,751  -144,025 

56.92 

5.955x10"^ 

2000  -58,280 

6.622x10"^ 

-68,555  -94,752  -159,950 

81.75 

2.232x10"^ 

50 


However,  a  con^lete  study  of  the  dlffusloa  of  caxtoa  through  TlOs  remains  to  be 
done.  She  most  direct  method  to  demonstrate  the  significance  of  carbon  diffu¬ 
sion  In  the  oxidation  process  would  be  to  oxidize  a  saaqple  of  enriched  TIC. 

An  autoradiograph  of  the  oxidized  surface  would  Indicate  idiether  diffusion  of 
carbon  occurs  primarily  by  grain  boundary  or  bulk  diffusion,  while  a  stripping 
and  co\intlng  procedure  could  be  developed  for  quantitative  mectsurements . 

Oxidation  Isotherms  obtained  In  a  number  of  laboratories  are  plotted 
In  Figures  1  and  2,  as  weight  gain  per  unit  area  squared  vs  time.  Besults  ob- 
tedned  by  three  Investigators  In  times  less  than  seven  hours  axe  shown  in  Figure 
1.  !Ihe  excellent  agreement  between  Ndnster^^^  and  Hlkolalakl^^^  nay  be  due  In 

part  to  the  fact  that  both  sets  of  measurements  were  done  In  the  same  laboratory. 

(7) 

Samsonov  and  Golubeva' reported  their  data  In  tenns  of  thickness  of  the  solid 
oxide  film.  This  was  converted  Into  (wel^t  gcdn/area)^  prior  to  plotting  In 
Figure  1  by  multiplying  the  density  of  rutile.  Agreement  among  the  three  workers 
Is  good  at  900*C.  At  800*C,  Samsonov's  measured  rate  of  oxidation  Is  lower  than 
that  found  by  Nlkolalskl  and  Mfinsterj  at  1000*C,  Samsonov's  rate  Is  also  well 
below  the  rate  measured  by  Mfinster  or  Hlkolalskl  at  even  lower  te^seratures,  9^5* 
and  9^0*C.  In  spite  of  the  discrepancies  In  the  quantitative  rates,  there  is 
concurrence  that  the  oxidation  of  TiC(s)  Is  parabolic  between  800*  and  1000*C 
at  times  up  to  7  hours.  The  peuraboUc  rate  constants  derived  from  the  slopes  of 
the  lines  In  Figure  1  are  plotted  against,  the  reciprocal  of  absolute  temperature 
In  Figure  3>  The  activation  energy  for  oxidation  calculated  from  all  of  the 
points  of  this  Arrhenius  plot  is  kcal/mole.  The  smaller  activation  energy 
(46.1  kcal/mole)  reported  In  Mkolal ski's  paper  Is  the  res\ilt  of  Including  points 
taken  at  600*  and  690*0. 

In  Figure  2  are  plotted  the  results  of  experiments  that  extended  to 
times  of  10-300  hours.  At  the  longer  tines,  significant  departur’es  from  pcuaboUc 
behavior  are  In  evidence.  Nlkolfd.skl's  data  have  been  transferred  from  Figure  1 
to  Figure  2  and  extrapolated  m  strai^t  lines  for  purpose  of  cooipeurlson.  !Ihere 
Is  good  agreenent  between  Hlkolalskl  and  Macdonald  and  Ransley'^^  and  between 
Hlkolalskl and  Webb,  Horton,  and  Wagner^^^  at  900*0,  up  to  about  4000  minutes. 
There  Is  considerable  disagreement,  however,  between  the  lut  two  groups  and 
Macdonald  and  Hansley^^^  on  the  rate  of  oxidation  at  900*0.  The  wel^t  changes 
found  by  Macdonald  and  Bansley  at  900*0  exceed  those  measured  by  Hlkolalskl  at  925*0. 
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FIGURE  H  -  2  OXIDATION  OF  TIC 


At  1000*C,  ogieeBent  between  MecdoDadd.  and  Bansley  and  Webb,  Horton,  and 
Wagner  la  good,  although  the  latter  group  used  a  TIC^  ^  coiqoBltlon  and 
the  fozner  group  preauaabljr  used  a  starting  naterlal  closer  to  atolchlo- 
laetrlc  TIC.  The  (WHW)  data  for  stolehlaeetrle  TIC  at  1000*C  seem  anonaloua 
In  view  of  the  fact  that  the  observed  rate  Is  Initially  lower  than  that 
reported  by  Hlkolalakl  at  950*C.  Turthemore,  It  is  not  deco*  \diy  the  rate 
of  oxidation  of  the  carbon  rich  TIC  should  be  lower  than  that  for  the  carbon 
deficient  TIC^  The  oxidation  rate  of  the  pure  ssstal  (ceurbon  free)  Is 


'0.63* 

about  the  same  as  that  of  the  TIC^  carbide  at  1000*C. 


(1) 


The  values  of 


for  pure  titanium  are  Included  on  the  Arrhenius  plot  In  Figure  3.  The 
upper  curve  was  constructed  from  the  data  of  Klnna  and  Xhorr,  taken  In 
pure  coygen  at  760  Torr.  Bie  lower  curve  Is  that  ■of  Jenkins  at  an 
o^gen  pressure  of  3  Torr.  Although  k^  In  g^/cm^-adn  is  somewhat  smaller 
for  the  carbide  than  for  the  pure  metal,  it  must  be  remembered  that  the  net 
weight  gain  of  TlC(a)  Is  coiq>ounded  of  a  weight  loss  due  to  evolution  of 
C0(g)  and  COs(g)  as  well  as  a  weight  gain  due  to  fomation  of  TlOeCs).  Only 
the  latter  process  occurs  in  the  oxidation  of  the  pure  metal,  therefore, 
the  total  nximber  of  moles  per  unit  area  of  metal  or  alloy  consumed  per  imit 
time  is  very  similar  for  both  Ti(8)  and  T1C(8).  She  similar  temperature 
dependence  of  the  parabolic  rate  ccxistants  for  oxidation  of  Tl(s)  and  T1C(b) 
suggests  a  similar  rate  controlling  step  for  the  oxidation  of  meteO.  and  car¬ 
bide,  probably  dlffuslm  of  oxygen  through  TiOs  (rut.). 


(b)  Zirconium  Carbide.  ZrC 

Columns  2  and  3  of  Table  2  give  the  activities  of  carbon  and  zlr- 
ccsilum  over  ZrC  as  a  function  of  temperature,  computed  from  extrapolation  of 

(12) 

the  vapor  pressure  data  of  CofAnan,  Klbler,  and  Rlethof  ^  '  on  ZrC,  combined 

with  data  for  the  pure  elements  from  Stull  and  Slnke .  ^  The  free  energies 

of  formation  of  00(g)  and  COs(g)  are  listed  In  columns  4  and 
energy  of  formation  of  ZrC2,  computed  from  the  data  given  by  Kubaschewskl 
and  Evans,  Is  given  In  coliom  6.  In  column  7  are  tabulated  the  equlUbrltim 
pressures  of  C0(g)  and  OOs(g)  at  the  TaCflxOsi  phase  boundary,  calculated  from 
eqiuations  (3)  and  (4)  with  the  Zr  activity  given  In  column  3  and  a  carbon 
activity  of  one.  Up  to  2000*K,  a  Zx02(s)  film  formed  on  the  surface  of  ZrC 
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FIGURE  OE- 3  ARRHENIUS  PLOT  OF  PARABOUC  RATE 
CONSTANTS  FOR  TIC  S  Tl 
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TABLE  2 


ACTIViry  OF  Zr  OVER  ZrC-C  AHD  THERMOIttllAMrC  LATA  FOR  ZrC-ZrOa 


T/K 

1000 

3.128x10"^ 

4.207x10"'^ 

1100 

1.021x10"^ 

1.747x10"^ 

1200 

1.241x10“^ 

5.970x10"^ 

3300 

1.462x10"^ 

1.696x10"^ 

ll^OO 

1.674x10"^ 

4.l4Oxl0“^ 

1500 

1.905x10"^ 

8,995x10"^ 

1600 

2.118x10"^ 

1.774x10"^ 

1700 

2.544x10*'^ 

5.228x10“^ 

1800 

2.558x10"^ 

5.^Qxl0“'^ 

1900 

2.782x10"^ 

8.974x10"^ 

2000 

2.992x10“® 

1.383x10"^ 

^ 

f.OO  f.OOa  f.ZrOa 

Poo 

PoOa 

-47,859  -9^,628  -213,530 

2.105x10"^° 

2.601x10“®° 

-49,962  -94,658  -209,156 

1.069x10"® 

1.071x10"^'^ 

-52,049  -9^681  -204,808 

2.818x10"'^ 

1.535x10"^^ 

-54,126  -9^,701  -200,485 

4.365x10"® 

1.007x10"^ 

-56,189  -9^,716  -196,179 

4.529x10"^ 

3.622x10"^ 

-58,241  -94,728  -191,896 

3.420x10"*^ 

7.980*10"^ 

-60,284  -9^,759  -187,631 

1.990x10"^ 

1.189x10"^ 

-62,515  -9^,746  -183,385 

9.375x10"^ 

1.279x10"® 

-64,535  -94,750  -179,153 

3.775*10"® 

1.047x10"'^ 

-66,349  -94,751  -174,680 

1.292x10"^ 

7.447x10"'^ 

-68,553  -94,752  -170,737 

3.732x10"^ 

3.664xl0"® 
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VDUld  not  be  ruptured  by  evolution  of  00(g)  or  C0e(g}  at  the  alloy-oxide 
interface. 

The  experimental  results  on  the  oxidation  of  ZrC  unfortunately 
indicate  that  a  conqpact  adherent  film  of  ZrOs  is  not  foxmed  on  the  surface 
of  the  alloy,  and  that  the  oxidation  is  therefore  not  diffusion  controlled. 

The  rate  of  oxidation  of  ZrC  powders  was  measured  as  a  function  of  oxygen 
pressure  and  temperature  as  part  of  a  doctoral  dissertation  of  R.W.  Bartlett. 
Above  450*0,  the  oxidation  rates  were  found  to  be  linear,  with  an  activation 
energy  of  45.7  kcal/mole.  The  principal  solid  oxidation  product  was  cubic 
ZrOa,  although  minor  amo\ints  of  the  monocllnlc  phase  were  found  eui  well. 
Nothing  is  said  in  the  abstract  about  the  rate  of  ccurbon  loss  during  oxidation, 
and  the  thesis,  although  ordered,  has  not  yet  arrived. 

Watt,  Cockett,  and  made  a  single  welfdit  change  measurement 

of  49.8  mg/cm^  on  a  solid  san^le  of  ZrC  of  density  6.20  g/cc  and  4.85t  porosity 
exposed  to  a  stream  of  dry  air  flowing  at  5*5  cm/sec,  for  50  minutes  at  80O*C. 
No  conclusions  could  be  drawn  with  respect  to  oxidation  mechanism. 

In  the  course  of  the  present  contract,  the  oxidation  of  ZrC  was 

studied  at  temperatures  between  1126  and  2200*K  at  oxygen  partial  pressures 

in  helium  of  2  to  26  Torr.  The  cylindrical  samples,  0.8  cm  in  diameter  and 

0.5  cm  in  helgdit,  were  fabricated  from  the  elements  by  a  process  of  sintering 
h  5) 

and  xone  melting.  The  material  had  a  density,  measured  from  total  mass 
and  geometric  volume,  of  6.0  -  0.4,  conrpared  to  a  theoretical  X-ray  density 
of  6.44  g/cc.^^^^ 

The  experimental  apparatus  iised  for  oxidation  studies  at  hl^  tem¬ 
peratures  in  this  laboratozy  has  been  described  in  detail  in  But  I  of  this 
report.  However,  modifications  were  required  for  the  study  of  refractory 
carbides.  Normally,  the  stream  of  helium  and  oxygen  is  passed  through  the 
reference  side  of  a  thermal  conductivity  cell,  over  the  hot  zmfractory  pellet, 
where  sane  of  the  oxygen  is  removed  by  reaction,  and  through  the  sampling 
side  of  the  thermal  conductivity  cell.  Ihe  signal  is  thus  proportional  to 
the  rate  of  oxidation  of  the  sample  pellet.  In  the  case  of  carbides,  not  only 
is  the  stream  that  emerges  from  the  reaction  zone  depleted  in  OJ^gen;  it 
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is  also  enriched  In  CO(g)  and  COsCg)^  both  of  vhich  will  contribute  to  the 
bridge  signal.  A  velj^ed  Ascarlte  trap  for  the  removal  of  CiOsCg)  was  Inter¬ 
posed  between  the  reaction  site  and  the  sampling  side  of  the  thexnal 
conductivity  bridge.  Thus^  a  mixture  of  CX>(g)  and  02(g)  entered  the  thermal 
conductivity  cell,  and  the  signal  from  the  bridge  was  proportional  to  the 
rate  of  oxygen  conBunQitlon  minus  the  rate  of  evolution  of  CO(g).  (Uhe  signal 
Is  called  positive  ^en  the  concentration  of  gas  Is  higher  in  the  reference 
cell  than  In  the  saiiQ>llng  cell,  and  negative  when  the  situation  Is  reversed. ) 

The  exit  stream  fixxn  the  themal  conductivity  cell  was  passed  over  CuO 
turnings  at  700*C  to  oxidize  the  CO(g)  to  COz(g),  and  the  OOs(g)  so  produced 
was  adsorbed  In  a  weighed  Ascarlte  bulb.  Finally,  additional  Infomatlon  was 
obtained  by  weighing  the  pellets  before  and  after  oxidation. 

The  data  obtained  Is  sinmnarlzed  In  Table  3.  The  first  column 
identifies  each  sample  pellet.  The  second  column  gives  the  weight  of  each 
pellet  after  it  had  been  degassed  at  2200*K  in  pure  helium  until  the  signal 
from  the  thennal  conductivity  cell  indicated  that  no  permanent  gases  were  being 
evolved.  The  third  column  gives  geometric  surface  areas,  calculated  from 
micrometer  measurements  of  the  height  and  diameter  of  the  cylindrical  pellets. 
The  fourth  column  records  sample  densities,  computed  from  weights  after  degas¬ 
sing  and  pellet  dimensions.  C!olvtmns  6,  and  7  record  the  pellet  temperature, 
assuming  an  emlsslvlty  of  0.7,  oxygen  partial  pressure,  and  carrier  gas  flow 
rate,  respectively,  for  each  oxidation  run.  The  duration  of  the  experiment  Is 
given  In  column  11,  and  the  net  weight  change,  total  C0(g)  produced,  and  total 
(X)2(g)  produced  in  this  time  are  given  In  columns  8,  9  ^<1  10,  respectively. 

From  the  measured  quantities  in  columns  8-10,  the  derived  quantities, 
total  carbon  consumed  and  total  zirconium  consumed.  In  columns  12-1^  can  be 
computed.  If  the  nature  of  the  oxidation  products  Is  assumed.  From  the  observed 
weight  changes  in  the  Ascarlte  bulbs,  it  is  known  that  both  C0(g)  and  C0s(,g) 
fom  during  oxidation.  In  eulditlon,  a  >rtiite  nonadherent  oxide,  with  X-ray  pat¬ 
tern  of  monocUnic  ZrOa,  is  visible  on  the  surface  of  the  sample  pellets  after 
reaction.  If  It  Is  assumed  that  the  only  oxidation  products  are  C02(g),  C0(g), 
and  2.102(8),  then  the  total  carbon  consumed,  c,  is  ceQ.culated  from  the  measured 
wei^dits  and  w^^  of  COsCg)  and. 00(g),  respectively. 
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where  the  symbols  In  brackets  represent  molecular  weights.  The  total  weight 
of  zirconium,  z,  that  has  been  converted  to  oxide  Is  ccdculated  from  the 
measured  wel^t  change,  w^,  and  the  derived  carbon  consumption: 


The  ratio  of  the  number  of  grains  of  zirconium  consumed  to  the  number  of  grams 
of  carbon  consumed  during  oxidation  Is  given  In  column  l4  of  table  3.  The 
ratio  Is  seen  to  have  an  approximately  constant  value  of  T«3  ~  0.2.  Since  the 
corresponding  ratio  In  the  ZrC  staortlng  material  Is  7*6,  It  would  appear  that 
the  oxidation  of  ZrC  Is  stoichiometric  and  non- preferential.  That  Is,  for 
each  zirconium  atom  converted  to  oxide,  a  single  carbon  atom  is  also  converted 
to  oxide.  In  column  15,  the  rate  of  oxidation  is  seen  to  be  highest  for  pellet 
XII -1.  In  all  of  the  other  runs  ^ere  weight  data  is  given,  more  than  90^  of 
the  oxygen  passed  over  the  refractory  pellet  reacted  with  it,  and  the  reaction 
was  probably  controlled,  therefore,  by  the  rate  of  arrival  of  oxygen  gas  at 
the  sample  svirface.  For  ni-1,  the  supply  of  oxygen  was  sufficient  to  permit 
a  significant  determination  of  oxidation  rate. 

Weight  change  data  Is  not  given  for  pellets  XII-8,  XII-5^  XII-3 
because  at  the  relatively  low  temperatures  of  these  experiments  the  pellets 
were  broken  ajmrt  by  the  oxidation  process.  At  the  end  of  each  experiment, 
the  grain  boundaries  of  ZrC  were  seen  to  be  outlined  by  a  white  material,  pro¬ 
bably  ZrOg.  Bie  growth  of  the  oxide  In  pre-existing  cracks  and  grain  boiindarles 
of  ZrC  undoubtedly  creates  enough  stress  to  fracture  the  carbide.  Bartlett'  * 
Indicates  that  oxygen  diffuses  substltutlonally  for  carbon  In  the  ZrC  lattice. 
The  oxygen  may  then  segregate  to  grain  boundaries  and  precipitate  as  Zr02(s). 

lypical  curves  of  extent  of  oxidation  vs  time  constructed  from  the 
thermal  conductivity  data  are  reproduced  in  Figures  J+-7.  The  ordinate  in  each 
case  Is  proportional  to  the  number  of  grams  of  oxygen  consumed  to  form  00 (g), 
^2(g),  sad  Zr02(s)  minus  the  number  of  grams  of  C0(g)  produced  at  the  same 
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OXIOATION  OF  ZrC,  AT  1559  ‘K, 
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FIGURE  E- 


OXIOATION  OF  ZrC.AT  1969  "K,  25.9  TORR 


FIGURE  31 -7  OXIDATION  OF  ZrC,  AT  2165 ’K,  8.9  TORR 
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tine.  Since  neither  zirconium  nor  caihon  appears  to  be  oxidized  preferen¬ 
tially^  the  rate  of  fomatlon  of  ZrOs(B)  must  be  equal  to  the  sum  of  the 
rates  of  foimatlon  of  C0(g)  and  00z(e)>  iQ  addition^  the  ratio  of  (X)(g) 

to  C!0s(g)  in  the  product  gas  etream  is  Independent  of  tlne^  then  the  ordinate 
vlU  be  proportional  to  the  ntonber  of  grans  of  oj^gen  consxmied  or  to  the 
number  of  grans  of  Zr02(B)  or  CO(g)  or  CX)2(g)  produced.  In  any  case,  a  linear 
rate  lav  appears  to  be  followed  under  the  ccndltlons  of  the  present  experi¬ 
ments.  The  lack  of  oxidation  resistance  of  ZrC  is  due,  not  to  the  ruptuxe  of 
a  protective  film  by  the  evolution  of  CX>(g)  or  OOsCg),  "to  "th®  failxire  of 
a  dense,  coherent,  protective  film  to  fozm  at  all . 

The  oxidation  of  pure  metallic  zlrconlm  is  described  by  a  cubic 

equation  between  575*  “id  950*C,  at  an  oxygen  pressure  of  760  Torr,  idille 

Cl4) 

the  oxidation  of  ZrC  seems  to  be  linear  imder  slsillar  conditions.'  ' 

(n) 

Furtheimore,  the  oxidation  product  on  Zr  is  nonocllnlc  ZrOst  idille  on  ZrC, 
the  cubic  modification  of  the  oxide  is  foimed. In  50  minutes  at  800*C, 
metallic  zirconium  would  be  expected  to  show  a  wel^t  gain  of  1.75  ng/cm^, 
compared  to  tiie  weight  gain  of  49.8  mg/cm^  observed  for  ZrC.^^®^  At  1126 “K, 
the  oxidation  of  ZrC,  as  shown  in  Figure  4  is  linear;  the  oxidation  of  Zr  is 
cubic. 

(e)  Heifnium  Carbide,  HfC 

Ihe  genered  similarity  between  hafnium  and  zlrconlun  mlc^t  be 
expected  to  extend  to  the  behavior  of  the  respective  carbides  in  oxygen  at 
hl£^  tenq>eratureB . 

She  free  energy  of  formation  of  HfC(s)  and  the  etctlvlty  of  hafnium 
over  the  HfC-C  two  jdiEise  region  is  given  in  columns  2  and  5  respectively  of 
Table  4.  The  theznodynamlc  data  for  HfC  were  estimated  by  Thomas  and  Hayes, 
and  the  activity  of  hafnltsn  was  cogqnited  frcn  equation  (9).  !lbe  free  energy 
of  fozuatlon  of  HfOaCs),  also  estimated  by  Thomas  and  Hayes, is  tabulated 
in  column  6,  and  the  calculated  equilibrium  pressures  of  C0(g)  and  OOsCg) 
a  HfC/EfOs  phase  boundazy  are  given  In  columns  7  8  respectively.  Again, 

cm  in  the  ccme  of  the  other  group  IV-A  carbides,  TIC  and  ZrC,  a  film  of  BfOs 
would  be  theznodynamlccdly  stable  over  HfC  well  above  1000*K.  However,  a 
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lABIS  4 

ACTIYEK  OF  Hf  OVER  HfC-C  AHD  THEBMODYMAMIC  DATA  FOR  HfC-HfOg 


00(g) 

^f.OOa  f.HfOp 

^c» 

^COg 

1000  -45,1»00 

3.3l«2xl0"^°  -47,859 

-94,628  -221,700 

9.660x10"^° 

5.382x10"^^ 

1100  -43,500 

2.543x10"^  -49,962 

-94,658  -217,500 

4.250x10"® 

1.628x10"^® 

1200  -43,100 

1.438x10"®  -52,049 

-94,681  -2:l3,4oo 

9.490x10"’^ 

1.742x10"^^ 

1300  -43,000 

5.996x10"®  -54,126 

-94,701  -209,200 

i.36ckio"^ 

9.804x10"^ 

1400  -1«2,800 

2.113x10"'^  -56,169 

-94,716  -205,200 

1.257x10"^ 

2.781x10"^ 

1500  -42,600 

6.296x10"^  -58,241 

-94,728  -201,100 

6.748x10"^ 

5.214x10"^*^ 

1600  -42,500 

1.586x10"®  -60,284 

-94,759  -197,100 

4.764x10"^ 

6.781x10"^ 

1700  -42,300 

3.691x10"®  -62,515 

.94,71;6  -195,100 

2.087x10"^ 

6.320x10"® 

1800  -42,100 

7.822x10"°  -64,337 

-94,750  -189,100 

1.292x10"^ 

4.595x10"’^ 

1900  -42,000 

1.491x10"^  -66,349 

-94,751  -185,100 

2.525x10"^ 

5.147x10"® 

2000  -4l,800 

2.733x10"5  -68,555 

-04,752  -181,200 

7.117x10"^ 

1.556x10"^ 

8\ifflclent  CO(g)  preBS\ire  to  rupture  the  oxide  fila  ml^t  be  generated  at  the 
HfC/HfOa  Interface  at  temperatures  around  2(XX)*K. 

Data  on  the  oxidation  of  HfC(B)  axe  extremely  sparse.  In  the  course 

of  the  present  program,  a  single  run  was  made  at  230^*K  at  an  oxygen  partial 

pressure  of  4.2  Torr  in  helim,  with  a  total  pressure  of  760  Torr.  !Bie  • 

reaction  weu3  monitored  with  the  thexnal  conductivity  bridge,  but  no  attempt 

was  made  to  determine  separately  the  oxides  of  carbon  in  the  product  gas  stream. 

A  net  vel^t  gain  of  O.OI89  g  was  observed  in  a  period  of  $8  minutes,  for  a 

sample  with  a  geometric  surface  area  of  l.d^O  cm^.  In  Figures  8  and  9f  the 

abscissa  is  proportional  to  the  total  nundaer  of  grams  of  oxygen  consumed  in 

the  formation  of  Hf02(s),  CO(g),  and  COz(g),  minus  the  number  of  grams  of 

CX)(g)  and  C02(g)  evolved.  35ie  ordinate  is  time  in  Figure  8  and^  t  in 

Figure  9*  If  the  rate  of  oxidation  of  hafnium  from  the  alloy  is  equal  to  the 

rate  of  oxidation  of  carbon  from  the  alloy,  and  if  the  ratio  of  CX>(g)  to  COzig) 

is  constant  with  time  at  a  given  temperature  of  oxidation,  then  the  abscissa 

in  the  figures  is  proportional  to  the  rate  of  conversion  of  the  alloy  to  the 

oxides  of  the  constituents.  !Ihe  oxidation  rate  appears  to  be  parabolic, 

although  it  may  prove  to  be  linear  if  carried  to  longer  times.  Further  work 

with  EEfC  was  postponed  because  the  available  cowerclal  scabies  were  porous 

and  contaminated  from  the  start  with  HfOa,  lAlle  at  the  saiae  time,  a  synthesis 

(15) 

program  begun  in  this  laboratory^  promises  to  provide  better  specimens  in 
the  near  future. 

(d)  Vanadium  Caibide,  VC 

Columns  2  and  3  of  !fable  ^  give  the  free  energy  .of  formation  of 
VC(b)  and  the  activity  of  vanadium  over  carbon  rich  VC.  For  VC(8),  /SI.  .na 

(2)  *#‘=70 

and  were  taken  from  Kubaschevski  and  Evans; '  '  heat  capeuslty  data  were 
taken  from  Kelley.'  '  For  the  elements,  Stull  and  Slnke's  tables  were  used.'  ' 
Column  6  of  Table  4  gives  the  free  energy  of  formation  of  VsCjCs),  as  calcu¬ 
lated  from  Kubuchewskl  and  Evans'  tables,  and  columns  ^  and  8  give  the 
equilibrium  pressures  of  CO(g)  and  COs(g}  at  an  assimied  VO/VsPs  phase  boundary. 

It  is  clear  that  above  1500*K,  V2O3  in  contact  with  VC  is  unstable  with  respect 
to  decomposition  to  V(s}  and  CO(g),  and  rupture  of  a  dense  film  of  V203(b), 
if  it  formed,  would  be  likely  to  occur  as  a  result  of  interaction. 
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OXIDATION  OF  HfC,  AT  2305  •K, 

4.2  TORR 
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FIGURE  ir-9 


XABI2  5 

ACTIVIK  OF  V  OYKR  VC-C  AHD  THEBMOIJYHAMIC  DATA  FOR  VC-VaOa 


'^f.VC  ^  ^f.CO  ^f.COg  ^f.VgO^  ^CO 

1000  -13,243  1.285x10“^  -47,859  -94,628  -237,400  1.257x10"^ 

1100  -13,093  2.519x10“^  -49,962  -94,658  -231,785  2.060xl0'^ 

1200  -12,908  4.481x10“^  -52,049  -94,681  -226,170  2.084x10"^ 

1300  -12,730  7.277x10"^  -54,126  -9^701  -220,555  1.474x10“^ 

1400  -12,550  1.103x10"^  -56,189  -9^>716  -214,940  7.823x10"^ 

1500  -12,357  1.589x10"^  -58,241  -94,728  -209,325  3.3l4xl0"^ 

1600  -12,200  2.164x10“^  -60,284  -94,739  -203,710  l.l62 

1700  -12,000  2.876x10’^  -62,315  -9^,746  -198,095  5.549 

1800  -11,786  3.719x10"^  -64,357  -94,750  -192,480  14.71 

1900  -11,585  4.663x10"^  -66,349  -94,751  -186,865  22.60 

2000  -11,340  5.781x10“^  -68,355  -94,752  -181,250  49.16 


^COa 

9.119xl0"^' 

4.309x10"^ 

8.398x10"® 

1.150x10“® 

1.080xl0"^ 

7.480x10"^ 

4.126x10"^ 

1.828x10"^ 

6.824x10"^ 

2.227x10"^ 

6.557x10"® 
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The  available  datum  la  semi-quantltatlve  In  nature, and  con- 
Blsts  of  a  single  measurement  of  the  weight  change  of  a  VC(b)  specimen  after 
one-half  hoiar  in  flowing  dry  air  at  1075*K.  The  sample  was  prepared  in  the 
fona  of  a  cylinder,  0.64  cm  in  diameter  and  about  equally  long,  by  hot 
pressing.  The  material  contained  13.5"14^  total  carbon,  of  which  about  Vjo 
was  free  carbon,  compared  to  a  theoretical  weight  percentage  of  19.05^  carbon 
for  Btolchlojnetrlc  VC(b).  The  hot  pressed  material  had  a  density  of  5*04  g/cc, 
a  6.25^  porosity,  and  a  surface  area  of  I.76  cm^.  The  specimen  was  heated  at 
1073*K  in  a  qviartz  tube  in  a  stream  of  dry  air  flowing  wi‘‘..h  a  linear  velocity 
of  5*3  cm/sec.  The  observed  weight  gain  after  30  minutes  was  4l.7  mg/cm^. 

The  authors  do  not  Indicate  irtiether  C0(g)  or  COz(g)  was  evolved,  cr  whether 
a  dense  solid  oxide  formed  on  the  surface  of  the  sample.  The  net  weight 
change,  however,  was  approximately  the  same  as  that  observed  by  the  authors 
for  ZrC(s)  exposed  under  similar  conditions. 

The  oxidation  of  pure  vaneuilum  metal  has  only  been  investigated 
between  400*  and  600*C.  If  the  data^^^^  is  extrapolated  to  80O*C,  a  weight 
gedln  of  1.1  mg/cm^  is  predicted  in  a  period  of  30  minutes.  The  carbide  thios 
appears  to  be  oxidized  more  rapidly  than  the  corresponding  xaetal,  although  an 
extrapolation  over  200*C  must  be  accepted  only  with  greatest  reservation. 

(e)  Wlobium  Cartlde,  HbC 

Free  energy  of  formation  and  activity  data  for  llbC(s)  are  given  in 

columns  2  and  3  of  Table  6.  CJolumn  6  gives  the  free  energy  of  formation  of 

Sb0s(8),  and  columns  7  and  3  give  the  equilibrium  C0(g)  and  COs(g)  pressures 

for  reactions  (l)  and  (2)  with  MeO  =  NbOs.  Thermodynamic  data  for  NbC  and 

y  {q  \ 

SbOn  were  taken  from  Kubucbewskl  and  Evans.'  '  A  diffusion  bander  of  NbOsCs) 
might  be  built  up  on  a  surface  of  HbC  at  temperatures  up  to  1100*K,  but  above 
this  temperature,  rupture  of  the  HbOnCs)  film  would  destroy  its  effectiveness 
in  reducing  the  rate  of  oxidation  of  carbide. 

Again,  the  only  available  experimental  datum  is  that  of  Watt, 

Cockett,  and  Hall,  who  used  a  hot  pressed  sample  with  a  density  of 
7.51  g/cc  and  a  porosity  of  3.95^.  The  observed  net  weight  change  after  30 
minutes  at  1073*K  in  dry  cdr,  flowing  at  5*3  cm/sec,  was  ^6.8  mg/cm^.  Ho 
concluBlons  about  oxidation  mechanism  can  be  drawn  from  this  single  mecuBurement. 
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TABLE  6 


ACTIVTH  OF  Nb  OVER  NbC-C  AHD  THERMODyHAMIC  DATA  FOR  NbC-Nb02 


T,*K 

f.HbC 

1000 

-39>230 

1100 

-39,830 

1200 

-40,455 

1300 

-41,090 

1400 

-41,730 

1500 

-1*2,370 

1600 

-43,020 

1700 

-43,670 

1800 

-44,320 

1900 

-44,970 

2000 

-45,630 

2.720x10"^  -^7,859 
1.2U2xl0"®  -49,9^ 

4.357x10"^  -52,049 
1.256x10"”^  -54,126 
3.101x10"'^  -56,189 
6.801x10“'^  -58,241 
1. 347x10”^  -60,284 
2.462x10”^  -62,315 
4.208x10"^  -64,337 
6.795x10"^  -66,349 
1.044xl0"^  -68,355 


/W 

f.CX)g  f.MbOg 

-94,628  -146,850 
-94,658  -142,780 
-94,681  -138,749 
-94,701  -134,733 

-94,716  -130,738 

-94,728  -126,763 
-94,759  -122,805 

.94,746  -118,864 
-94,730  -114,939 

-94,751  -111,029 

-94,752  -107,132 


^CO 

^OOg 

5.021x10"^ 

1.455x10“^ 

5.008x10"^ 

2.260x10"^ 

3.273 

2.201x10"^ 

16.86 

1.505 

66.43 

7.766 

2.166x10^ 

31.94 

6.062x10^ 

1.098x10^ 

1.495x10^ 

3.245x10^ 

3.318x10^ 

8.454x1C^ 

6.744x10^ 

1.982x10^ 

1.273x10^ 

4.265x10^ 

However,  the  pure  metal  under  the  same  conditlona  would  have  shown  a  weight 
gain  of  about  9*9  mg/cm®.^^^^  Therefore,  the  carbide  does  Indeed  seem  to 
oxidize  more  rapidly  than  the  metal. 

(f )  Tantalum  Cegbide,  TaC 

Columns  2,  3,  5>  6,  7,  and  8  of  Table  7  give,  respectively,  the 

(2) 

free  energy  of  formation  of  TaC, '  '  the  euitlvlty  of  Ta  over  carbon  rich  TaC, 
the  free  energies  of  formation  of  CO(g),^^^  C02(g),^^^  and  TaaOs,^^^  and  the 
equilibrium  pressures  of  C0(g)  and  COz{g)  for  the  interaction  between  Ta205(s) 
and  TaC(B).  On  the  basis  of  the  VfUW  criteria,  a  film  of  Ta^Os  on  TaC  would 
be  ruptured  by  evolution  of  CO(g)  and  C02(g)  at  temperatures  above  1300*K. 

No  extensive  measurements  are  available  on  the  kinetics  of  oxidation 
of  TaC.  A  single  weight  change  determination  at  800*C  was  made  by  Watt, 
Cockett,  and  Hall^^^^  in  the  course  of  their  survey  of  the  oxidation  resistance 
of  carbides,  and  a  measurement  of  weight  changes,  CO(g),  and  COz(g)  evolution 
at  2159*  was  made  during  the  course  of  the  present  contract. 

At  1073*K,  on  the  basis  of  the  WNW  criterion,  a  protective  film  of 
might  be  stable  on  the  stnrface  of  TaC(B).  A  hot-pressed  TaC  saiiq)le 
with  a  density  of  13.10  g/cc  and  a  porosity  of  6.8^  was  heated  in  a  quartz 
tube  at  1073*K  in  a  stream  of  diy  air,  flowing  at  5*5  cm/sec,  for  30  minutes. 
The  net  observed  weight  gain  was  103  mg/cm®,  about  twice  that  observed  for 
ZrC,  VC,  and  NbC,  exposed  under  similar  conditions.  However,  it  must  be  re¬ 
membered  that  Zr  and  Nb  fom  dioxides,  Zr02  and  Rb02,  V  fozms  a  lower  oxide, 
VOi.s,  'tdiile  Ta  forms  a  higher  oxide,  Ta02.5.  Therefore,  the  number  of  moles 
of  meted,  consumed  per  square  centimeter  during  oxidation  of  the  carbides  is 
in  the  ratio  of  4.1t2.8:2.8:2.5  for  TaC: VC: NbC: ZrC,  assuming  similar  weight 
losses  due  to  evolution  of  C0(g)  and  C02(g)  for  edJ.  four  loaterledJB.  The 
experimental  data  does  not  indicate  ^diether  a  film  of  Ta,^^(s)  was  built  up 
on  the  carbide  surface,  but  the  in^llcatlon  is  that  oxidation  was  rapid  and 
non- protective.  Pure  tanted.um  would  have  shown  a  weight  change  of  about 
11  mg/cm^  under  the  same  conditions. 

At  2432*K,  Ta20s(s)  would  be  expected  to  undergo  extensive  reaction 
with  TaC(s)  to  form  C0(g),  C02Cg)  and  Ta  (allpy).  A  hot  pressed  TaC(s} 
pellet, with  a  density  of  11.48  g/cc  and  a  surface  ares  of  1.75^  cm®,  was 
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TABLE  7 

Acnvmr  of  Ta  over  TaC-C  ARD  HEERMODYIIAICIC  DATA  FOR  SaOTasOs 


^f,TaC 

^Pa  ^f.CO  "^f.COc 

^(X) 

^OOp 

1000  -37,963 

5.094x10"^  -47,859  -94,628 

-385,100 

8.912x10"^ 

4.590x10“^ 

1100  -37,611 

3.1*27x10“®  -49,962  -94,658 

-375,405 

l.OOlxlo"^ 

9.015x10“® 

3200  -37,213 

1.694x10"'^  -54,049  -94,681 

-365,785 

1.701x10"^ 

1.049x10“^ 

1300  -36, 79*^ 

6.607x10"'^  -54,126  -94,701 

-356,245 

3.944x10"^ 

8.241x10"^ 

lijoo  -36,352 

2.11*2x10“®  -56,189  -94,716 

-346,775 

1.640 

4.751x10"^ 

1500  -35,891 

5.971x10“°  -58,241  -94,728 

-337,370 

5.571 

2.118x10“® 

1600  -35, 

1.472x10”^  -60,284  -94,739 

-328,020 

16.10 

7.744x10“® 

1700  -34,913 

3.248x10“^  -62,315  -94,746 

-318,730 

40.73 

2.409x10"^ 

1800  -54,397 

6.730x10"^  -64,337  -94,750 

-309,490 

1.242x10^ 

6.531x10“^ 

1900  -33,870 

1.282x10“^  -66,349  -94,751 

-300,305 

1.906x10® 

1.578 

2000  -33,325 

2.301x10“^  -68,353  -94,752 

-291,160 

5.597xlC^ 

3.459 

heated  for  108  minutes  at  2432*K  In  a  stream  of  dried  helium  and  oxygen,  at 
n  total  pressure  of  760  Torr,  oxygen  partial  pressure  of  6.8  Torr,  and  flow 
rate  of  ^8.6  ml/mln.  A  net  wel^t  lose  of  0.0399  g/cm®  was  obseiTred,  while 
the  amounts  of  CX)(g)  and  COaCg)  evolved  were  0,659  g/cm^  and  0.0359  g/cm^, 
respectively.  The  ratio  of  pressures  of  COCg)  and  COaCg)  found  experimentally 
was  therefore  =  28.8:1.  The  corresponding  ratio  for  C!0(g)  and  CX)s(g) 

In  equilibrium  with  !IteC(s)  and  Ta205(s)  Is  larger  than  100:1.  It  therefore 
seems  likely  that  some  oxidation  of  C0(g)  to  C02(g)  occurred  In  the  gas  phase. 
For  the  equilibrium: 

00(g)  +  I  0e(g)  =  002(g) 

the  ratio  of  p^:p^  at  298*K  and  an  oxygen  partial  pressure  of  6,8  Torr  Is 
10"'*^,  while  at  2i«D0*K^  the  corresponding  ratio  Is  0.2  at  equilibrium. 

The  total  carbon  loss  from  the  TaC  sample  due  to  vaporization  of 
C0(g)  and  C02(g)  was  0,02^2  g/cm^,  while  the  net  observed  weight  loss  was 
0.0399  g/cm^.  Therefore  there  must  have  been  a  minimum  tantalum  loss  of 
0.0107  g/cm®  during  the  course  of  oxidation.  The  vaporization  behavior  of 
Ta205(8)  In  the  presence  of  oxygen  has  not  been  Investigated.  The  vaporiza¬ 
tion  of  TaO(g)  or  Ta02(g)  by  reaction  of  Ta205(8)  with  Ta  (alloy)  or  C 
(alloy)  at  the  alloy/oxide  Interfere  would  not  account  for  the  observed  rate 
of  tantalun  weight  loss.  The  existence  of  a  Ta205(g)  species  In  the  vapor  has 
not  been  demonstrated  but  Is  certadnly  possible  at  high  oxygen  pressures. 

If  the  oxidation  of  TaC  were  non-preferentlal  It  could  be  expressed 
at  any  time  t  by  a  stoichiometric  relatlonsMp  of  the  form: 

+  (|  -  |)  Oa  1^205(0)  +  bOO(g)  +  (l  -  b)  COs(g)  (II-22) 

vbere  b  Is  an  imknovn  number  of  moles.  For  simplicity,  we  denote: 

y  s  number  of  g/cm^  of  Ta205(s)  formed  between  time  zero  and  time  t 
z  s  number  of  g/om^  of  C0(g)  formed  between  time  zero  and  time  t 
X  s  number  of  g/cm^  of  C02(g)  formed  between  time  zero  and  time  t 
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Ihen^  ve  usune  that  the  rate  of  foxBAtlon  of  XaeOsCa)  le  govezved  by  a  slnple 
lavt 


^  *  k  f (y)  (11-13) 

idiere  k  la  a  rate  constaat,  and  f  (y)  is  some  function  of  y,  commonly  a  con¬ 
stant  (linear  growth)  or  l/y  (parabolic  growth).  Since  stolchlosietiy  always 
obtains^  we  must  have: 


and 

§  =  ad-b)  k  f(y)  (r--i5) 

idiere  the  symbols  in  brackets  are  molecular  weights. 

The  signal  from  the  theimal  conductivity  bridge  in  the  carbide 
experiments  Is  given  byt 

Signal  .  A  S  S  ^ 

where  A  Is  a  proportlonsQJ.ty  constant  to  convert  mllU volts  to  g/cm®-sec,  and 
the  Instrument  sensitivity  Is  assumed  equal  for  00(g)  and  Os(g).  Substituting 
the  rate  expressions  In  (l5)^  (l^)^  aa<i  (l5)  Into  (l6),  one  finds: 

■  -^0^  {t50]  +  2b  [Oj  +  2(l-b)  [20j  -  2b  [00 iy  (11-17) 

Introducing  molecular  weights  Into  (1?)^  the  signal  Is  given  finally  by: 

Signal  =  llW-88b] 

Since  b  must  be  smaller  than  or  equal  to  one^  the  signal  would  have  to  be 
positive  If  the  reaction  were  stoichiometric.  Since  the  signed  was  negative 
during  the  entire  experiment^  the  oxidation  of  TaC(s)  cannot  proceed^  under 
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the  conditions  described^  so  that  the  rate  of  oxidation  of  tantalum  Is 

exeustly  eq.ual  to  the  rate  of  oxidation  of  carbon.  There  must  be  preferential 

oxidation  of  one  component.  Free  energy  considerations  suggest  that  there 

should  be  preferential  oxidation  of  carbon.  Since  TaC  has  a  wide  range  of 

(2) 

homogeneity,  extending  from  IPbCq  to  TaC^  ,  diffusion  of  cazt>on  from  the 
buIJc  alloy  to  the  alloy  oxide  Interface,  under  the  activity  gradient  created 
as  the  carbon  becomes  depleted  through  oxidation.  Is  highly  probable. 

Figure  10  Is  a  plot  of  A  y  +  -^  x  +  z  -  ^  vs  ypT . 

The  abscissa  are  obtained  by  Integration  of  the  signal  between  times  zero  and 
t.  After  about  25  minutes,  the  data  can  be  approximated  by  a  straight  line, 
■vriilch  could  indicate  that  the  rates  of  foimatlon  of  both  TagOsCs)  and  the 
carbon  oxides  are  diffusion  controlled,  although  the  net  rate  of  oxidation  of 
carbon  Is  larger  than  the  rate  of  oxidation  of  Ta.  X-ray  analysis  of  the 
oxidized  pellet  surface  revealed  lines  for  a-  and  p-  TagOs,  as  well  as  lines 
for  pure  Ta  metal,  serving  to  confiim  the  assumption  of  preferential  oxidation 
of  ctirbon. 

(g)  Cihromlum  Carbide.-,  Cr-sCa 

Table  8  gives  the  free  energy  of  formation  of  Cr^Ca, the 
activity  of  Cr  over  carbon  rich  CrsCa,  the  free  energies  of  formation  of  C0(g), 
COa, and  Gra03(s)^^^^^^  and  the  equilibrium  press\ires  of  C0(g)  and  COs(g), 
for  the  interactions  between  CraOaCs)  and  Cr3Ca(s).  At  an  ambient  pressure  of 
one  atmosphere,  rupture  of  a  potentially  protective  CraO^Cs)  film  would  be 
likely  at  temperatures  above  1400*K. 

(2h) 

Kosolapova  and  Samsonov'  '  measured  the  oxidation  rates  of  powdered 
and  hot-pressed  CraCaCs)  In  oxygen  at  temperatures  between  400*  and  1000*C. 

For  the  powdered  samples,  the  rate  of  oxidation  was  followed  by  measuring  the 
amount  of  COs(g)  evolved  during  exposure  In  a  flowing  OJcygen  stream.  The  rate 
of  evolution  was  approximately  parabolic  with  time.  The  authors  fall  to 

indicate  idiether  C0(g)  was  also  generated,  and  idxether  a  solid  oxide  fonned 
eus  well.  Since  the  surface  areas  of  the  powdered  specimens  are  not  known,  the 
results  on  powders  caimot  be  directly  compared  to  results  on  dense  fabricated 
samples.  With  hot-pressed  cylinders,  no  wel^t  changes  could  be  detected 
In  two-hour  exposures  between  8OO*  and  1100*C,  but  the  authors  do  not  state 
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(5) 


TABLE  8 


ACTTVITy  OF  Or  OVER  CraCa-C  AND  THERMODYNAMIC  DATA  FOR  CraCa-CrgOa 


T,  ’K 

f.CraCa 

®Cr  ^f.OO  ^f.COa 

r.CraPa 

^00  ^COa 

1000 

-19,890 

3.570x10"^  -47,859  -9^,628 

-205,650 

2 . 801x10'^  4 . 536x10"® 

1100 

-19,550 

5.087x10“^  -49,962  -94,658 

-199,440 

3.834x10"^  1.324x10"° 

1200 

-19,048 

6.993x10"^  -^,049  -94,681 

-193,230 

3 . 321x10"^  2 . 152x10"^ 

1300 

-18,458 

9.259x10"^  -54,126  -94,701 

-187,020 

2 . 039x10"^  2 .201x10"^ 

1400 

-17,716 

1.199x10“^  -56,189  -94,716 

-180,810 

9.498x10"^  1.587x10"^ 

1500 

-16,890 

1.515x10“^  -58,241  -94,728 

-174,600 

3.567  8.672x10"^ 

l600 

-16,029 

1.866x10”^  -60,284  -94,759 

-168,120 

11.49  4.052x10"^ 

1700 

-15,021 

2.274x10"^  -62,515  -9^,746 

-162,180 

50.83  1.580x10"^ 

1800 

-14,912 

2.495x10“^  -64,337  -9^,750 

-155,970 

79.54  4.835x10"^ 

1900 

-13,621 

5.008x10"^  -66,549  -94,751 

-149,760 

1.721xlC^  1.291 

2000 

-12,295 

3. 56^x10"^  -68,355  -9^,752 

-145,550 

5.440x10^  3.115 
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lAether  a  thin  protective  film  of  CraOsCs)  was  responfllble  for  the  obseiTred 
behavior.  Watt,  Cockett,  and  also  failed  to  detect  a  weight  change 

In  a  CrsCa  sample  that  had  been  treated  for  50  minutes  In  oxygen  at  800“C. 
However,  they  do  report  the  formation  of  a  green  film  of  Cr203(8)  on  the 
carbide  surface. 

Quantitative  weight  change  measurements  on  hot-pressed  aeimples  of 
CTyCs  at  900*  and  1000*C  are  plotted  in  Figure  11^^^^  as  (wt.  gain/area)®  vs 
time.  The  points  are  transcribed  from  a  small  and  sparsely  ruled  graph. 

The  material  used  for  the  experiments  contained  l5^t  toteJL  carbon  and  84-86^ 
chroailum,  compared  to  theoretical  values  of  l5.3^t  and  86. 75^  Cr.  The  specimens 
had  a  density  of  6.31  g/cc  and  a  porosity  of  5*^.  The  experiment  consisted 
of  heating  the  samples  In  a  quartz  tube,  and  passing  dry  air  over  them  at  a 
rate  of  5*3  cm/sec.  Unfort tmately,  the  authors  obtained  no  information  on 
the  l]iq>ortant  question  of  carbon  loss  as  C!0(g)  or  COsig) .  Included  in  Figure 
11  are  the  weight  change  curves  for  piire  chromium  metal  under  similar  condi¬ 
tions.  The  carbide  Is  seen  to  show  oome’Aat  greater  oxidation  resistance  than 
the  metal,  possibly  because  of  the  lowered  metal  activity,  possibly  because  of 
a  better  adhesion  of  the  oxide  to  the  substrate. 

Above  1100*C,  the  oxidation  resistance  of  CTyC2(0)  is  expected  to 
li,‘.  Tk  down  due  to  rupture  of  the  0x2/03(0)  film  by  evolution  of  C0(g)  and 
002(g).  During  the  present  contract,  the  oxidation  of  dense  samples  of 
Cr-sCp^^^^  was  studied  at  temperatvires  between  I66O*  and  1900*K  and  oxygen 
pressures  of  4  to  9  Torr.  Besults  were  Indeed  very  different  from  those  at 
the  lower  temperatures.  A  simmary  of  the  data  obtained  is  given  In  Table  9* 
Column  1  simply  identifies  the  sample,  column  2  gives  the  original  weight  of 
the  vmoxidlzed  pellet  after  heat  treatment  at  l870*K  for  a  sufficient  time  to 
remove  permanent  gas  Impurities;  colmnns  5  and  4  give  surface  areas  and 
densities  of  the  samples  calculated  from  micrometer  dimensions  and  wel^ts; 
columns  5  and  6  give  the  temperature  of  the  pellet  (assuming  an  emlsslvlty  of 
0.6)  and  the  oxygen  partial  pressure  during  the  oxidation  experiment;  column  7 
gives  the  volume  flow  rate  of  the  helium-oxygen  mixture;  columns  8,  9,  and  10 
give  the  net  weight  change  of  the  pellet,  weight  of  C0(g)  evolved,  and  weight 
of  002(g)  evolved  after  oxidation  for  the  times  listed  In  column  11.  Column  12 
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1000 •€ 


FIGURE  n-ll  PARABOLIC  PLOT  FOR  OXIDATION  OF  Cr^C^  S 
Cr  IN  OXYGEN 
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gives  the  total  number  of  grams  of  carbon  oxidized  in  each  experiment, 
calculated  from  the  measured  weights  of  CO(g)  and  C02(g). 

For  pellet  X-23,  at  l662*K,  if  ve  assxme  that  the  only  products 
are  CX3(g),  C02(g)  and  Cr203(s),  then  the  net  weight  change  is  given  by  the 
number  of  grams  of  oxygen  picked  up  to  form  Cr203(s)  less  the  number  of 
grams  of  carbon  lost  as  CO(g)  or  CX)2(g).  From  the  data,  we  calculate,  then, 
that  0.0087  of  chromium  were  constaned  in  experiment  X-23.  Thus,  the  chromium 
to  carbon  weight  ratio  in  the  product  oxides  Is  3.5,  compared  to  a  ratio  of 
6.5  for  the  chromium  to  carbcn  ratio  in  Cr3C2.  Thiis,  carbon  appears  to  be 
oxidized  preferentially  in  Cr^Cs  at  l662*K  at  an  oxygen  pressure  8.9  Torr. 
X-ray  analysis  of  the  oxidized  surface  revealed  the  presence  of  the  lower 
carbide  Cr7C3,  as  well  as  Cr203.  Above  1770*K,  the  net  weight  loss  is  very 
much  larger  than  the  loss  in  wel^t  due  to  vaporization  of  CJO(g)  and  C02(g)> 
Therefore,  some  chromlxim  must  obviously  enter  the  vapor,  probably  as  an  oxide, 
but  possibly,  to  scane  extent,  as  tne  metal,  which  subsequently  becomes 
oxidized  in  the  gas  phase.  ISie  experimental  CO/CO2  ratio  in  the  product  gas 
stream  is  very  much  smaller  than  the  eqiillltrlum  ratio  over  a  Cr203-Cr3C2 
mixture.  This  is  probably  due  to  oxidation  of  CO(g)  in  the  vapor. 

(h)  Molybdenum  Carbide,  MoC 

Neither  thermodynamic  data  nor  kinetic  data  are  available  for  the 
monocarbide  of  molybdenum,  and  insufficient  data  Is  available  for  calculation 
of  activities  over  the  M02C  phase.  One  might  guess  that  the  oxidation 
behavior  of  MoC  should  be  veiy  much  like  that  of  WC. 

(i)  Tungsten  Carbide,  WC 

Table  10  gives.  In  successive  columns,  the  free  energy  of  formation 

(2) 

of  WC  ,  the  activity  of  W  over  carbon  rich  WC,  the  free  energies  of  fozma- 
tion  of  00(g), 002(g), and  W02(s),^^^^  and  the  equilibrium  pressures  of 
C0(g)  and  C02(g)  for  the  Interaction  between  W02(s)  and  WC(s).  Even  at 
emperatures  as  low  as  700* C,  it  is  clear  that  W02(b)  Is  not  thermodynamically 
ft  able  In  the  presence  of  WC(b),  and  high  pressures  of  C0(g)  and  C02(g)  are 
e:’.pected  at  the  alloy/oxide  Interface.  The  same  conclusion  obtains  for  V03(8) 
in  contact  with  WC(s). 
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TABLE  10 


ACnvm  OF  W  0VE3^  WC-C  and  TBEBMODYNAMIC  data  for  VC-WOs 


T/K 

^f.WC 

^  ^ 

^f.CO  f.COa  f.WOs 

^CO 

^COa 

1000 

-6,700 

1.26Qx10"^ 

-47,859  -94,628  -97,350 

5.904 

19.72 

1100 

-6,660 

1.910x10“^ 

-49,962  -94,658  -93,250 

33.25 

99. 5*^ 

1200 

-6,620 

2.701x10“^ 

-52,049  -94,681  -89,150 

1.393x10^ 

3.758x10^ 

1300 

-8,580 

3.622x10"^ 

-54,126  -94,701  -85,050 

4.666x10^ 

1.153x10^ 

1400 

-8,540 

4. 6  43x10"^ 

-56,189  -94,716  -81,050 

1.285x10^ 

2.904x10^ 

1500 

-8,500 

5.79x10"^ 

-58,241  -94,728  -77,050 

3.085x10^ 

6.456x10^ 

1600 

-8,460 

7.006x10"^ 

-60,284  -94,739  -73,100 

6.546x10^ 

1.282x10** 

1700 

-8,420 

8.291x10"^ 

-62,315  -94,746  -69,150 

1.270x10^ 

2.333x10** 

1 

ifloo 

-8,380 

9.627x10"^ 

-64,337  -9^,750  -65,250 

2.259x10** 

3.935x10^ 

1900 

-8,340 

n.oixio"^ 

-66,549  -94,751  -61,400 

3.758x10** 

6.186x10** 

2000 

-8,300 

12.41x10“^ 

-68,553  -94,752  -57,600 

5.902x10** 

9.162x10** 
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Data  on  the  oxidation  of  yc(B)  were  reported  In  the  original  paper 
of  Webb,  Norton,  and  Wagner, and  are  reproduced  In  Figure  22,  Linear 
oxidation  behavior  was  found  at  700*  and  1000*  C.  A  conparlBon  of  the  observed 
velght  changes  vlth  the  ineasured  carbon  loss  as  C0(g)  or  COs(g)  Indicated 
stoichiometric  oxidation  behavior  (l.e.  for  every  atom  of  carbon  converted  to 
oxide,  an  atom  of  tungsten  was  also  converted).  The  principal  tungsten  oxide 
formed  seemed  to  be  the  yellow  W03(s ) .  No  evidence  was  found  for  the  presence 
of  V0s{b),  the  principal  oxide  formed  on  pure  tungsten  In  the  same  tenperature 
range.  The  rate  of  oxidation  of  the  carbide  Is  higher  than  that  for  the  pure 
metal  under  conqpeurable  conditions,  due,  perhaps,  to  rupture  of  a  potentially 
protective  oxide  film  by  evolution  of  CX)(g)  and  COs(g). 

4.  CONCLUSIONS 

For  the  highest  carbides  of  the  metals  of  Groups  IV-A,  V-A,  and  VI-A  of 
the  periodic  table,  calculations  have  been  made  of  the  pressures  of  carbon 
monoxide  and  carbon  dioxide  over  an  egulllbrlum  mixture  of  metal  carbide  and 
the  corresponding  metal  oxide.  Table  11  summarizes  the  practical  results.  The 
carbides  considered  are  listed  In  groups  of  three  in  column  1  and  their  melting 
points  are  tabulated  In  column  2.  On  the  basis  of  melting  point  alone,  one  Is 
Justified  In  considering  all  of  the  refractory  carbides  (except  for  Ct^Cz)  for 
applications  up  to  2500*C.  ZrC  Is  potentially  useful  up  to  at  least  5000*0, 

NbC  and  TaC  up  to  5500*0,  and  HfC  up  to  at  least  5800*C.  In  the  presence  of 
oxygen,  however,  not  a  single  one  of  the  pure  carbides  holds  any  promise  of  dis¬ 
playing  oxidation  resistance  above  2000*0.  In  fact,  only  ZrC  and  BfC  have  the 
potential  of  sxistalnlng  a  protective  metal  oxide  film  at  temperatures  above 
1250*0. 

In  column  5  of  Table  11,  the  oxides  idilch  commonly  font  on  the  surface  of 
the  pure  metals  at  high  toaperatuzes  are  listed.  If  the  same  oxides  were  to 
form  on  the  carbide  surfaces,  reaction  between  the  oxide  and  ccurbon  In  the 
eOloy  substrate  ml^t  result  In  the  formation  of  C0(g)  and  OOs(g)  In  sufficient 
quantities  to  rupttire  the  oxide  film.  On  the  assuiqitlon  that  equilibrium  Is 
established  In  finite  time  at  the  carblde/oxlde  Interface,  the  pressures  of 
00(g)  and  COz(g)  to  be  ejected  at  the  phase  boundary  can  be  calculated  from 
known  thermodynamic  data.  In  column  4,  the  temperatures  are  listed  at  which 
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OXIDATION  TIME  -  SECONDS 

FIGURE  11-12  LINEAR  PLOT  FOR  OXIDATION  OF  WC  8  W  IN  OXYGEN 


lABLB  11 


POTEHTIALm  OF  CAIIBIOBS  FOR  QXmATION  RESISTANCE 


Carbide 

MeltluR  Point 

Most  cannon  oxide 
f  oxned  on  the  metal 
durliut  oxidation 

Maximum  temperature 
of  stability  of 
oxide  on  carbide >*C 

IV-A 

TIC 

3llK) 

TlOa  (rut) 

0230 

ZrC 

35*^ 

ZrOs 

>1730 

HfC 

4160 

HfOs 

1730 

V-A 

VC 

2810 

V2O3 

3230 

NbC 

ca.  3900 

BbOs 

830 

TaC 

3880 

TaaOs 

1030 

VI-A 

CP3C2 

1890 

CrsPs 

1130 

NoC 

- 

HoOs 

- 

WC 

2870 

VOs 

730 
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the  8un  of  the  pressurea,  oxide  In  column  3  In  equilibrium 

with  the  carbide  of  column  1,  beccne  approximately  egjial  to  one  atmoBjdiere. 

Above  these  temperatures  an  oxide  film  vould  be  ruptured  by  evolution  of  CO(g) 
and  CiOmCg)  and  vould  therefore  not  serve  as  an  effective  diffusion  barrier  to 
protect  the  caurblde  surface  against  rapid  oxidation.  If  equilibrium  Is 
established  at  the  carblde/oxlde  Interface,  and  the  chances  are  good  that  It 
vlU  be  established  rapidly  particularly  as  the  temperature  of  Interest  In¬ 
creases,  then  the  temperatures  In  column  4  are  really  iiiA.v<iiniiw  tenqperatures 
at  vhlch  the  pure  carbide  can  be  used  In  oxygen-containing  atmospheres.  Thus, 

It  vould  be  fruitless  to  try  to  Improve  the  oxidation  resistance  of  TIC  at 
2000*,  for  example,  by  Improving  the  adhesion  betveen  TlOsCs)  and  the  substrate. 
For  ZrC,  on  the  other  hand.  It  might  be  vorthvdille  to  learn  to  grov  dense, 
coherent,  non-porous  films  of  ZzOa,  and  to  bond  them  In  some  vay  to  alloy. 

Such  films  do  not  grov  nattirally  on  ZrC,  but  If  they  could  be  formed,  they 
should  be  thermodynamically  stable  to  above  2000*  C,  and  could  make  It  possible 
to  use  ZrC  In  oxidising  atmospheres  for  high  temperature  applications. 

!Qie  extent  of  reaction  betveen  oxide  and  carbide  to  form  the  volatile 
oxides  of  carbon  defines  an  upper  limit  for  the  usefulness  of  carbides  In 
oxidizing  atmospheres,  provided  of  course,  that  phase  boundary  equilibrium  Is 
established.  If  there  is  a  kinetic  barrier  to  the  attainment  of  equilibrium 
at  the  ccurblde/oxide  interface,  then  the  carbide  may  be  stable  In  oxygen  at 
higher  temperatures  than  the  ones  given  In  column  4  of  Thble  U.  Interaction 
between  oxide  and  carbide  might  be  slow,  for  example,  if  the  meted-carbon  or 
metal-oxygen  bonds  can  be  broken  only  vlth  great  difficulty.  Alternatively, 
a  slow  reaction  might  be  due  to  a  sterlc  barrier  at  the  Interface  to  the  forma¬ 
tion  of  the  activated  complex  Intermediate  betveen  reactants  and  products. 

While  failure  to  reach  equilibrium  might  force  an  upward  revision  of  scsie 
of  the  temperatures  of  maximum  stability  given  in  column  4,  the  more  usual 
sltuatlcm  Is  that,  for  a  number  of  reasons,  the  carbides  vlU  react  rapidly 
vlth  oxygen  at  temperatures  below  the  listed  ones.  Hie  oxidation  of  TIC  can 
be  described  by  a  parabolic  rate  lav  up  to  1000*  C,  but  it  has  not  been  studied 
above  1250* C  where  rupture  of  the  rutile  surface  film  should  occur.  ZrC 
appears  to  oxidize  according  to  a  linear  rate  lav  at  temperatures  above  4^0*C. 
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Thus^  ZrC  displays  none  of  the  oxidation  resistance  that  would  be  predicted  on 
the  basis  of  the  themodynanlc  stability  of  Zr02(s)  over  ZrC.  !Ihe  reason  Is 
tindoubtedly  that  the  Zr02(a)  film  which  forms  on  the  surface  of  ZrC  Is  poroius 
and  non-adherent.  HfC,  on  the  other  hand,  should  be  Investigated  In  further 
detail,  since  both  the  WNW  criteria,  and  the  preliminary  experimental  work 
that  was  done  In  oiir  laboratory  suggest  that  a  protective  oxide  film  might  be 
formed  up  to  high  temperatures. 

All  of  the  Group  V-A  carbides  oxidize  more  rapidly  than  the  corresponding 
pure  metals,  even  at  temperatures  as  low  as  800“C.  This  again  Is  probably  due 
more  to  the  morphology  of  the  oxide  film  than  to  the  rupture  of  a  potentially 
protective  film  by  gas  evolution. 

The  oxidation  behavior  of  the  Group  VI-A  carbides  Is  substantially  as 
predicted  on  thermodynamic  grounds.  Cr^Cs  shows  excellent  oxidation  resistance 
up  to  at  least  1000*C,  and  In  fact,  oxidizes  somewhat  less  rapidly  than  pure 
meteUJLc  chromium.  Above  1300*C,  the  green  Cr203(s)  no  longer  protects  the 
carbide  surface  from  oxidation,  and  00 (g)  and  COz{g)  are  evolved  In  substantial 
quantity.  WC  oxldlZM  linearly  at  700" C  and  above,  at  a  rate  higher  than  that 
for  the  pure  met6Ll. 

From  the  point  of  view  of  understanding  c£u:blde  oxidation,  further  work 
Is  needed  on  00  (g)  and  C0£(g)  evolution,  as  well  as  net  weight  change.  In  the 
nel^borbood  of  the  temperatures  of  maximum  stability  given  In  Table  11.  In 
the  temperature  range  where  parabolic  behavior  Is  in  evidence,  oxidation  studies 
should  be  made  on  C^^  enriched  carbides  to  determine  whether  carbon  dissolves 
In  the  oxide  lattice  during  the  course  of  oxidation.  Better  thermodynamic  data 
for  the  activity  of  metal  and  carbon  across  the  homogeneity  range  of  the  car¬ 
bides  of  Interest  would  permit  more  acciuate  calculations  and  predictions. 

Prom  the  point  of  view  of  application,  HfC  is  the  only  refractory  hard 
metal  carbide  that  holds  any  promise  In  oxygen  above  14CX}*C,  -where  the  steels 
begin  to  fall.  Oie  other  carbides  would  have  to  be  protected  with  coatings. 

ZrC  ml^t  be  protected  with  ZrOs,  If  It  could  be  applied  satisfactorily,  and 
If  the  phase  transition  did  not  destroy  Its  effectiveness.  The  other  carbides 
would  have  to  be  protected  with  oxides  or  mixtures  of  oxides  of  foreign 
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eleaentBj  VC  for  exaaqple  cannot  be  protected  by  Yafis  at  l$O0*C,  no  matter 
lAiat  the  oorphology  of  the  oxide  Is.  Ibuji,  from  themodynanlc  conBlderatlons^ 
a  aelectlon  can  be  made  of  the  useful  dlrectlona  for  kinetic  and  coating 

studies. 
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KEHETICS  OP  OXIDATION  OP  REFRACTORY  METAIS  AND  ALLOYS 
AT  1000* -2000* C 

SECTION  III  -  QXmATION  OF  MOLYBDENUM  SILICIICBS 

1.  INTRODUCnOH 

A  suamiary  of  the  experimental  voA  on  the  oxidation  of  molybdenum  alli- 

cldes  completed  under  the  present  contract  and  reported  in  ASD-TDR-62-203^^^ 

(2) 

and  In  our  Quarterly  Report  No.  3'  '  Is  Included  In  this  section.  Misprints 
and  errata  that  have  been  fo\ind  In  the  latter  i*eport  are  corrected  In  this 
one. 


2.  ISOTHERMAL  MEASUREMEUfTS  OF  EXTElfP  OF  OXIDATION  vs  TIME 

Curves  of  totej.  oxygen  consumption  per  unit  Initial  BaaQ)le  surface  area 
at  temperatures  between  1300*  and  2100*X  are  given  for  Mo3Sl^  M05SI3  and 
MoSla  In  Figures  1,  2,  and  3,  respectively.  Tne  curves  can  be  fitted  approxi¬ 
mately  by  an  equation  of  the  form: 

Q  =  Q^(l  -  e"°*) 

where  Q  Is  total  oxygen  consva^lon  per  unit  area  up  to  time  t,  and  Q^  and  a 
are  temperature  and  composition  dependent  parameters.  Values  of  Q^  and  a 
calculated  from  the  experimental  data  are  given  In  Table  1  for  each  of  the 
molybdenum  slllcldes.  The  Initial  oxidation  rate  Is  given  by  (Q^oc),  since  for 
short  times  t,  Q  •>  The  maxlaum  oxygen  pick-up  after  infinite  time  is 

Q^.  From  the  point  of  view  of  experimental  measurement,  the  larger  the  value 
of  a,  the  more  rapidly  is  the  Umitl'ag  rate  approached. 

For  esu:h  of  the  sllieldes,  decreases  with  IncreMing  temperature 
between  1300*  and  2000*K,  and  a  increases.  That  is,  the  higher  the  temperature, 
the  more  rapidly  is  a  protective  glass  built  on  the  siliclde  surface,  and 
the  lower  are  both  the  net  welc^t  loss  and  the  total  o^gen  consumed.  Althou^ 
the  final  limiting  rates  are  as  low  for  NosSi  and  for  MosSis  as  for  NoSis  at 
the  hipest  teisperatures  the  net  extent  of  oxidation  prior  to  formation  of  a 
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OXYGEN  CONSUMPTION  -  10 
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XABLE  1 


aiFIBICAL  EQUATION  ITOR  THE  OXIDATION  OF  MOLXBDBNIM  SIUCIDES 

Q  =  Q^(.l  -  e"^) 


Material 

T/K 

Q^xlO®,  g/c 

M03SI 

1349 

- 

1564 

10,000 

1856 

4,340 

1999 

2,740 

M05Sl3 

1406 

5,000 

1651 

1,740 

1885 

370 

2071 

348 

MbSls 

1303 

384 

1627 

118 

1917 

39 

QL,  mln”^  Q^axlO®,  g/cm^-min 


- 

66 

0.009 

90 

0.036 

156 

0.085 

233 

0.009 

45 

0.106 

184 

0.043 

16 

0.30 

104 

0.019 

7.3 

0.159 

19 

0.54 

21 

77 


protective  film  Is  highest  for  MosSl,  less  by  a  fcMtor  of  about  six  for 
N09SI3J  and  reduced  by  another  factor  of  about  six  for  M0SI2. 

Figure  4  shovs  the  oxidation  of  M0SI2  at  2000*K^  idiere  the  condensed 
oxide  Is  almost  certainly  a  liquid.  A  protective  oxide  layer  has  Indeed 
formed,  but  five  times  more  oxide  has  been  consumed  prior  to  the  bend  than 
at  1627*K,  and  the  protection  does  not  last.  A  sudden  increase  In  oxlda- 
tl(8i  rate  occurs  after  about  100  minutes,  followed  by  the  re-establlshment  of 
a  protective  layer. 

3.  PRESSURE  DEFEHIENCE  OF  OXIDATION  RAJS 

At  sufficiently  low  oxygen  partial  pressures,  a  protective  glass  will 
not  be  stable  In  contact  with  the  molybdenum  slllcldes  due  to  vaporization 
of  SlO(g)  according  to  the  reaction: 

i  Sl(agj)  +  i  SlOaCs)  =  SiO(g)  (UI-l) 

irtiere  a^.  Is  the  activity  of  silicon  In  the  slllcide  alloy,  nxe  Inmortance 

of  reaction  (l)  In  the  oxidation  of  silicon  alloys  was  pointed  out  by  Wagner. 

Oxygen  molecilLes  striking  a  slllcide  surface  are  expected  to  react  rapidly, 

particularly  at  high  temperatures.  Therefore,  the  oxygen  pressiue  at  the 

alloy/gas  Interface,  p,.  ,  will  be  very  much  less  than  the  oxygen  pressure  in 

the  bulk  of  the  gas  phase,  p*  .  The  rate  of  transport  of  oxygen  towards  the 

02 

silicon  surface,  under  the  concentration  gradient  created  by  the  reaction,  is: 

J'  ■  =  “0.  ® 

\rtiere  is  the  diffusion  coefficient  for  oxygen  molecules  and  6q^  Is  the 
effective  thickness  of  the  boundary  layer  for  oxygen  diffusion.  A  similar 
equation  obtains  for  the  transport  of  SlO(g)  away  from  the  alloy  into  the 
bulk  gas.  According  to  Wagner,  a  steady  state  will  be  established  in  which 
the  transport  of  oxygen  towards  the  alloy  as  02(g)  will  exactly  bcdance  the 
transport  of  oxygen  away  from  the  alloy  surface  as  SlO(g).  Since  the  ratio 
of  6g^Q  to  6q^  can  be  expressed  in  terms  of  the  corresponding  gas  phase 


FIGURE  HI -4  OXIDATION  OF  MoSig -ABOVE  THE  MELTING 

POINT  OF  SILICA 
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dlffuBlon  coefficients,  one  finds  a  relationship  betveen  the  SlO(g)  pressure 
at  the  allpy-gas  Interface,  Pg^^  and  the  bulk  oxygen  pressure,  pj^i 

>'310 

Os 

S10s(b)  can  only  form  on  a  slUclde  surface  If  Pg^^  Is  larger  than  the  equili¬ 
brium  pressure  Pgj^Q^gq  j  reaction  (l)  at  the  experlmenteO.  temperature. 
Equivalently,  from  equation  (2),  SlOaCs)  will  be  stable  on  a  slllclde  surface 
only  at  ambient  oxygen  pressures  greater  than  %10(eq  )* 

ratio  of  diffusion  coefficients  Is  approximately  0.64.  With  a  silicon  activity 
of  unity  at  the  alloj'-gas  Interface,  an  ambient  oxygen  pressure  of  4.6  mm 
should  be  necessary  for  formation  of  an  SlOsCs)  layer  on  the  slllclde  surface 
at  l400*C.  At  l600*C,  the  calculated  oxygen  pressure  needed  for  formation  of 
S102(b)  Is  23  ram.  If  the  silicon  activity  In  the  alloy  is  less  than  unity 
(as  It  generally  will  be),  then  the  theoretically  required  oxygen  pressures 
for  formation  of  a  protective  glass  will  be  lowered  correspondingly. 

In  the  course  of  the  present  study,  an  MoS12(b}  pellet  was  heated  to 
1685*  C  in  a  flowing  stream  of  helium-oxygen  at  a  total  pressure  of  jSO  Torr, 
oxygen  partial  pressure  of  1.6  Torr.  Oxidation  was  linear  over  a  period  of 
an  hour,  and  there  was  no  evidence  for  formation  of  a  glassy  layer  of  Si02(s) 
on  the  slllclde  surface.  The  net  observed  weight  loss  during  the  experiment 
was  0.0116  g,  and  the  total  oxygen  consumed  weus  O.OO867  g.  If  the  correct 
oxidation  reaction  were: 

MoSiaCs)  +  I  02(g)  -»  Mo03(g)  +  2  SiO(g) 

then  the  ratio  of  net  weight  loss  to  total  oxygen  consvunption  would  be  1.9. 

!Hie  experimentally  measured  ratio  is  1.3.  The  discrepancy  Is  probably  due  to 
oxidation  of  SiO(g)  in  the  gas  phase  to  8102(8),  which  condenses  on  cool  walls 
in  the  reaction  chamber. 

The  sharp  change  In  oxidation  mechanism  at  low  oxygen  pressures  was 

(4) 

corroborated  by  Perkins,  et.  al.,'  '  in  work  on  MoSls  coated  molybdenum. 
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They  failed  to  see  a  continuous  glassy  protective  oxide  at  pressures  below 
5  Torr. 

4.  METALLOGBAPHIC  EXAMIHATION  OF  OXIDE  FIIHS 
(a)  MbjSl 

The  surface  of  an  M03SI  sample  prior  to  oxidation  Is  shown  In 
Figure  5,  and  gives  evidence  for  the  presence  of  a  second  phase,  probably  the 
a-solld  solution  of  silicon  In  molybdenum.  Figures  6  and  7  show  polished 
cross-sections  of  the  same  sample  after  oxidation  at  1564*K  at  an  oxygen  par¬ 
tial  pressure  of  9  Torr  for  115  minutes.  In  Figure  6a,  the  second  phase  Is 
still  plainly  visible  In  both  substrate  and  the  oxide.  The  growth  of  the 
oxide  around  the  second  phase  Inclusions  Is  clearly  seen  In  Figure  6.  This 
configuration  could  hardly  have  been  observed  unless  the  oxide  grows,  at 
least  In  part,  by  diffusion  of  oxygen  Inward  from  the  atmosj^re  towards  the 
oxide-alloy  Interface.  Thus,  the  a-phase  appears  to  have  served  as  an  Inert 
marker  during  the  course  of  the  experiment. 

After  oxidation,  the  M03SI  pellet  was  covered  with  a  flaky  white 
oxide,  which  constituted  the  bulk  of  the  product.  However,  the  outer  scale 
was  not  adherent,  and  much  of  It  was  lost  during  the  preparation  of  the  sample 
for  microscopic  examination.  In  Figure  7^/  an  attend  Is  made  to  focus  on  a 
portion  of  the  outermost  scale  separated  by  a  crack  from  a  more  adherent  oxide. 
Figure  focuses  on  the  subscale  once  more  and  Indicates  the  uniform  thickness 
that  was  obtained  over  most  of  the  surface  of  the  sample.  The  clear  abrupt 
break  in  the  oxide  layer  has  not  been  explained.  Figures  7t  and  7^,  at  hlfl^r 
magnification,  show  the  morphology  of  the  subscale  —  areas  of  columnar  growth 
interspersed  ammg  apparently  amorphous  areas.  Figure  ^e  shows  a  portion  of 
the  oxide  that  has  grcnm  into  the  substrate  to  a  considerable  extent. 

In  Figure  8  photomlcrcgrapbB  of  cross-sections  of  M03SI  oxidized  at 
1856*K  axe  shown.  A  smooth  outer  oxide,  and  an  Inner  columnar  (me  are  visible 
in  Figures  8a  and  8b.  In  Figures  8e  and  8d,  regions  of  aimjr^ous  oxide  that 
have  grown  euround  second  phase  Inclusions  In  the  alloy  are  shown  In  additlcm 
to  the  smooth  and  columnar  regions. 
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FIGURE  HI- 5  Mo  Si  ,  AS  POLISHED,  SOX 
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c. 


FIGURE  m-  6  CROSS  -  SECTIC 

(400X) 
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c.  750X 


d.  750X 


e.  750X 


FIGURE  m- 7  CROSS-SECTIONS  OF  Mo.  Si  OXIDIZED  AT  1564 ®K 
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Tae  X-ray  patterns  of  the  sample  surface  after  degassliig  at  l600*C 
showed  lines  for  molybdenum.  After  oxidation,  the  samples  exposed  at  13^9* 
and  156U*K  showed  the  strongest  lines  of  SIO2  as  well  as  those  of  Mo,  while 
the  sample  exposed  at  1856*K  showed  only  the  lines  for  Mo.  Ihe  failure  to 
observe  SIO2  In  X-ray  at  the  highest  temperature  Is  undoubtedly  due  to  the 
glassy  nature  of  the  film,  rather  than  to  the  absence  of  silica. 

(b)  M05SI3 

A  metallographlc  examination  was  nade  of  the  M05SI3  sample  oxidized 
at  1651*K,  oxygen  pressure  of  8.5  Torr.  Figure  9a  Is  a  view  of  the  sample 
Immediately  after  sectioning,  and  before  polishing.  A  thick  outer  scale  and 
a  dense  coher.-nt  inner  one  are  visible.  It  is  evident  that  oxidation  has  been 
most  extensive  at  the  edge  of  the  sample  pellet;  an  originally  sharp  edge  Is 
plainly  rounded  after  reaction.  Figure  9b  shows  the  opposite  comer,  after 
polishing,  at  hl^er  magnification.  The  inner  and  outer  scales  are  now  brought 
out  sharply.  The  bright  layer  immediately  adjacent  to  the  alloy  surface  is 
probably  not  a  separate  oxide  phase,  but  belongs  to  the  inner  oxide  layer.  In 
Figure  9,  c  and  d,  both  oxide  layers  can  again  be  seen,  and  the  uniform  thick¬ 
ness  of  the  inner  scale  is  striking.  The  second  pheise  Incliislons  seem  to 
oxidize  at  the  same  rate  as  the  bulk  of  the  sample.  It  Is  interesting  to  note 
that  oxide  does  not  appear  to  have  grown  down  Into  all  of  the  cracks  in  the 
specimen,  even  those  that  intersect  the  surface. 

Riotomlcrographs  of  Mo5Si3,  oxidized  at  l885®K  are  reproduced  in 
Figure  10.  Here  there  appears  to  be  an  outer  granular  oxide,  and  a  layer  of 
smooth  oxide  growing  into  the  alloy.  Figure  10a,  particularly  interesting, 
shows  the  growth  of  smooth  oxide  into  a  crack  to  a  depth  identical  to  that  in 
the  surrounding  sound  alloy. 

X-ray  analysis  of  the  samples  after  degassing  showed  the  lines  for 
Mo3Si.  After  oxidation  at  l651®K,  a  dark  glassy  layer  covered  the  sample 
surface,  and  X-ray  lines  for  Si02  and  Mo  were  picked  up.  At  l885*K,,  a  dark 
grey  glassy  layer  again  covered  the  surface,  and  the  strongest  X-ray  lines 
for  Mb,  M03SI,  and  SiOa  were  foiaid. 
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c.  170X 


d.  170X 


FIGURE  m-9  CROSS-SECTIONS  OF  MOgSi^  OXIDIZED  AT  I65I*K 
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A  (267j() 


C  (M7k) 


FIGURE  m- 10  CROSS-SECTIONS  OF  Mo^Si,  OXIDIZED 

AT  1885  *K 


08 


(c)  MoSlg 

Netallograpblc  examination  of  the  MoSlg  sample  oxidized  at  l627*K 
failed  to  reveal  any  oxide  layer,  although  the  surface  of  the  sample  was  glassy 
in  appearance,  and  gave  X-ray  lines  for  SlOg,  as  well  as  MoSig  and  MosSls. 
Cross-sections  of  the  oxidized  samples  are  shown  In  Figure  11.  The  apparent 
8\irface  layer  does  not  look  like  Jan  oxide,  and  inay  be  a  silicon  deficient 
region  that  develops  during  degassing.  Cracks  that  seem  to  intersect  the 
surface  show  no  evidence  of  having  been  filled  in  with  oxide. 

In  Figure  12,  photomicrographs  of  MoSig  oxidized  at  198l*K  are 
shown.  In  this  case,  the  rate  of  supply  of  oxygen  was  smaller  than  the 
reaction  rate  in  the  early  stages  of  exposure,  and  therefore  the  extent  of 
oxidation  prior  to  formation  of  a  diffusion  barrier  was  higher  than  usvial 
for  this  temperature.  Iteglons  of  smooth  oxide  and  regions  of  alloy  inter¬ 
spersed  with  oxide  grains  are  seen  in  both  12a  and  12b.  In  12b,  smooth  oxide 
is  seen  to  partially  fill  cracks  in  several  places. 
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a.  170X 


c 


FIGURE  m  -  12 


CROSS-SECTIONS  OF  MoSi,  OXIDIZED 
AT  1981  ‘K  (67x) 
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KEHBTICS  OP  OXIDATION  OF  REFRACTORy  METALS  AND  ALLOYS 
AT  1000*-2000*C 

SECTION  IF  -  OXIDATION  OF  MISCELLANEOUS  MAXERIAI^ 

1.  TUNGSTEN  SEJCIDES 

(a) 

Curves  of  oxygen  consun^tlon  vs  time  for  W5SI3  at  temperatures  of 
1655*,  1765*,  1871*,  and  2001*K  are  shovn  in  Figures  I-5.  At  1635%  the 
degree  of  oxidation  vas  greatest  and  formation  of  a  protective  glass  was  not 
apparent.  However,  since  the  rate  of  oxidation  did  fall  from  22.6  x  10"® 
g/mln-cm^  after  60  minutes  to  12.1  x  10“®  g/mln-cm®  after  120  minutes,  a 
diffusion  barrier  might  be  built  up  in  longer  exposure  times.  In  Figures  2-5 
the  oxidation  behavior  Is  seen  to  be  approximately  Independent  of  temperature. 
The  limiting  oxygen  pick-up  is  h.3  -  0.9  gy^cm®  In  the  plateau  region.  The 
pattern,  familiar  from  the  voA  on  molybdenxm:  slUoldes,  of  rapid  Initial 
oxidation  rate  that  levels  off  to  an  Imperceptible  value  after  h0-60  minutes 
Is  In  evidence.  The  rates  In  the  final  stages  are  below  the  limit  of  detecta¬ 
bility  of  the  thermal  ccmductlvlty  method,  or  less  than  10"®  g/mln. 

(b)  WSlg 

The  oxidation  behavior  of  WSlg  was  studied  at  1693*,  1795*>  1902*, 
and  2030*K  with  the  results  shown  in  Figures  6-9.  At  the  three  lower  tem¬ 
peratures,  curves  of  the  custosieLry  form.  Indicative  of  protective  oxidation, 
are  obtained.  Final  rates  of  oxidation  were  once  again  too  small  to  be 
measured.  The  limiting  total  oxygen  pick-up  Is  1.1  -  0.5  g/cm^.  In  general, 
net  wel^t  losses  and  total  oxygen  consumed  were  somewhat  less  for  WSlg  than 
for  W5SI3.  At  2030*K,  the  Integrated  curve  of  Figure  9  does  not  show  a 
plateau  region.  The  thermal  conductivity  curve  of  oxidation  rate  vs  time  at 
2030*K  clearly  shows  that  the  rate  of  oxidation  Is  Initially  high,  drops 
rapidly  and  fluctuates  randomly  about  a  low  average  value.  The  increues  and 
decreases  of  oxidation  rate  in  this  region  may  be  correlated  with  a  rupture 
of  the  glassy  film  due  to  evolution  of  SlO(g),  and  subsequent  repair  or 
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GRAMS/CM*  OF  OXYGEN  CONSUMED  X  10 


25 


T>  1639  •K 

TOTAL  0^  CONSUMED  «  0.0279  g 
POj  •  19.23  MM. 

FLOW  RATE  *  99  MI/MIN. 
0RI6INAL  WEIGHT  t  1.54I6  g 
WEIGHT  LOSS  «  0.0639  g 
SURFACE  AREA  •  1.229  CM* 


20  40  60 


80  100  120 


TIME  -  MIN. 


FIGURE  iz-  I 


OXIDATION  OF  WjSij  (XI-20)  AT  1635  •K 
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T  • 1763  •K 

TOTAL  0^  CONSUMED  •  0.0050  q 

POt  •  19.57  MM. 

FLOW  RATE  ■  95  Mly4llN. 
ORIGINAL  WEIGHT  •  1.3239  g 
WEIGHT  LOSS  -  O.OIAIg 
SURFACE  AREA  •  1.219  CM 


»  I  i _ I  ,  I _ I _ I _ l 

40  60  80  iOO 

TIME  -  MIN. 


OXIDATION  OF  W^SI,  (XI-18)  AT  1763  ’K 


6RAMS/CM*  OF  OXYGEN  CONSUMED 


X 


FIGURE  IZ  -  3 


T  •  1969  *K 

TOTAL  0^  CONSUMED  >  0.0027  g 
PO^*  11.9  MM. 

FLOW  RATE  >  99  ML^M. 
ORIGINAL  WEIGHT  ■  0.9446  q 
WEIGHT  LOSS  ■  a0027  q 
SURFACE  AREA  •  0.974  CM* 


40  60  80  KK) 

TIME-  MIM 


OXIDATION  OF  W5SI5  (X-32)  AT  1969  •K 
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GRAM^M*  OF  OXYGEN  CONSUMED 


4! 


T«  2001  'K 

TOTAL  0,  CONSUMED*  0.0065  g 
PO2  *  27.1  MM. 

FLOW  RATE  -  95  ML/MIN. 

ORIGINAL  WEIGHT  >  1.9381  g 
WEIGHT  LOSS  •  0.0166  g 
SURFACE  AREA  >  1.381  CM‘ 


FIGURE  nr -5 


GRAMS  OF  OXYGEN  CONSUMED  X  iO’ 


FIGURE  lSr-6  OXOATION  OF  WSIg  (XI-30)  AT  1693  ‘K 
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T-  1793  ‘K 

TOTAL  0^  CONSUMED  ■  0.0004 
POf  ■  iO.4  MM. 

FLOW  RATE  >  95  ML/mIN. 
ORIGINAL  WEIGHT  •  1.0138  Q 
WEIGHT  LOSS  •  0.0017  g 
SURFACE  AREA  •  i.309  CM* 


40  60  80 

TIME  -  MIN. 


OXIDATION  OF  WSI-  (XI-28)  AT  1793 

100 


FIGURE  nr- 8 


T  «  1902  'K 

TOTAL  CON:;UMEO  ■  0.0019  g 
P  0(  >  lO.I  MM 
FLOW  RATE  •  99  ML/MIN. 
ORIGINAL  WEIGHT  •  0.7940  g 
WEIGHT  LOSS  •  O.OOII  g 
SURFACE  AREA  •  1.199  CM^ 


60  80  100 
TIME  —  MIN. 
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OF  WSij  (XI-26)  AT  1902  ‘K 


GRAMS/tM*  OF  OXYGEN  CONSUMED 


2030 


TOTAL 


CONSUMED  >  0.0122 


POg  ■  13.28  MM. 

FLOW  RATE  •  95  ML/MIN. 
ORIGINAL  WEIGHT  >  0.8437  g 
WEIGHT  LOSS  >  0.0083  g 
SURFACE  AREA  ■  1.450  Cm‘ 


time  —  MIN. 


OXIDATION  OF  WSi  (XI-23)AT  2030  “K 

ice 


FIGURE  ia:--9 


self-healing.  Small  brown  mushroom-llke  projections  on  the  surface  of  the 
glass  after  oxidation  pro'/ide  further  evidence  for  this  type  of  mechanism. 

(c)  Comparison  between  Molybdenum  and  Tungsten  Silieides 

Between  1700*  and  2000*K  rates  of  oxygen  consumption  after  one 

hour's  exposure  are  lower  for  both  W5SI3  and  WSla  than  for  MoSia,  the  most 

oxidation  resistant  molybdeniun  slllclde.  Net  weight  changes  on  oxidation, 

however,  are  higher  for  the  tungsten  compounds  than  for  MoSla  under  comparable 

^12) 

ccjnditlons.  Previous  weight  change  measurements'  ’  suggested  that  V^la  is 
inferior  in  its  oxidation  resistance  to  MoSla.  In  point  of  fact,  the  tungsten 
compounds  are  as  good  or  superior  to  the  molybdenum  compounds,  and  the  higher 
weight  changes  for  WSla  and  WsSis  reflect  the  higher  molecular  weight  of  W 
and  the  higher  density  of  the  tungsten  silieides. 

X-ray  lines  for  S10a(6)  were  detected  after  oxidation  of  sdl  of  the 
tungsten  slllclde  samples,  but  were  picked  up  only  occasionally  for  molybdenum 
slllclde  sauries,  when  a  protective  oxide  had  fomed  during  exposure.  Ihe 
barrier  oxide  may  therefore  be  more  crystalline  over  W5SI3  and  WSla  than  over 
MoSla.  For  MoSla,  total  oxidation  decreases  markedly  with  increasing 
temperature,  below  the  melting  point  of  silica.  For  the  timgsten  silieides, 
the  temperature  dependence  Is  not  pronounced. 

2.  TANTALIM  BERYLUDE.  TaaBeir 

A  pellet  of  TaaBeir  was  kindly  supplied  by  the  Brush  Beryllium  Co.,^^^ 
and  a  single  measurement  of  oxygen  consiimptlon  vs  time  was  made  at  a  temperature 
of  166U*K  (cusstimlng  an  emlsslvlty  of  0.6),  and  an  oxygen  partial  pressure  of 
8.4  Torr.  Besults  are  plotted  as  oxygen  consumption  vs  time  In  Figure  10,  and 
as  oxygen  consumption  vs  the  square  root  of  time  in  Figure  11.  It  Is  cleea* 
that  the  rate  of  oxidation  does  decrease  with  time,  and  that  therefore  a  pro¬ 
tective  oxide  Is  probably  developing  on  the  beiylUde  surface  as  reaction 
proceeds.  However,  there  Is  Insufficient  data  to  determine  definitely  whether 
oxidation  becemes  diffusion  controlled  once  a  sufficiently  thick  layer  of 
solid  oxide  has  been  built  up,  or  whether  a  rate  law  slower  than  the  parabolic 


105 


GRAMS  OF  OXYGEN  CONSUMED  X  10 


FIGURE  3Z-I0  OXIDATION  OF  Ta^  Be^  (XI-51)  AT  1664  •K 


GRAMS  OF  OXYGEN  CONSUMED  X  10' 


2  4  6  8  10  12  14 

us  1/2 


TIME  -  MIN 

FIGURE  35C- II  OXIDATION  OF  (XkSi)  AT  I664  *K 
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night  fit  the  data  over  a  longer  period  of  tine.  Because  of  the  United 
facilities  for  handling  berylliun  conpounds  In  this  Laboratory,  no  attenqpt 
vas  nade  to  characterise  the  oxide  film  by  or  metallographlc  examina¬ 

tion.  Although  the  observed  total  oxygen  consumption  of  O.0365  g  in  a  period 
of  186  minutes,  for  a  solid  sample  with  original  weight  of  O.9617  g,  is 
considerably  higher  than  that  observed  fbr  M0SI2  under  comparable  conditions, 
nonetheless,  the  protective  nature  of  the  oxidation  process  makes  TagBeiy 
a  promising  material  for  further  study. 
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